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ABSTRACT 
NEW SYNTHETIC PLATFORMS FOR FUNCTIONAL POLYMER ZWITTERIONS AND DEGRADABLE 
MATERIALS 
February 2017 
CHIA-CHIH CHANG, B.S., COLORADO SCHOOL OF MINES 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Todd Emrick 
 
This thesis describes new synthetic platforms for a series of functional polymeric 
materials containing hydrophilic and/or zwitterionic moieties as pendent groups. The 
hydrophilicity, biocompatibility, and degradability of these polymers hinged on innovative 
monomer designs and adaption of appropriate polymerization strategies including controlled 
radical polymerization, metathesis polymerization, and ring-opening polymerization. Novel, 
functional sulfobetaine polymers having functional groups (i.e, alkenes and alkynes) directly 
attached to the zwitterionic moieties were prepared and shown to stabilize oil-water interfaces, 
allowing for interfacial crosslinking to afford robust polymer capsules. This represents the first 
example of inserting functionality directly into the zwitterionic moieties of polymer zwitterions, 
allowing one to achieve a much greater extent of functionality than is possible in zwitterion-
containing copolymers. Functional oil-in-water droplets presenting reactive functionalities at the 
oil-water interface were realized by inserting reactive functional groups (i.e, activated ester and 
catechol) into amphiphilic polymer surfactants containing a hydrophobic polyolefin backbone 
and pendent hydrophilic phosphorylcholine groups by ring-opening metathesis polymerization 
(ROMP). Efforts in manipulating polymer backbone structures led to the development of 
electronically active polymer zwitterions, affording first examples of polymer zwitterions with 
 viii 
conjugated polyacetylene-like backbones synthesized by metathesis cyclopolymerization. 
Redox-responsive disulfides and hydrolyzable phosphoesters were integrated successfully into 
polyolefins by ROMP with cyclic olefins containing degradable groups, while functional 
copolyesters featuring pendent alkene and alkyne groups amendable for post-polymerization 
modification were synthesized by organocatalyzed ring-opening polymerization. Finally, a simple 
method to immobilize poly(phosphorylcholine methacrylate) onto various surfaces was 
developed by catecholamine chemistry, which afforded a versatile and robust route to 
antifouling coating that successfully resisted bacterial and oil fouling. 
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 1 
CHAPTER 1  
FUNCTIONAL HYDROPHILIC POLYMERS: BACKGROUND AND SYNTHETIC STRATEGIES 
1.1 Introduction 
Hydrophilic polymers are macromolecules with ‘water-loving’ characteristics. They often 
contain ionic or polar pendent groups that enable interactions with surrounding water 
molecules either electrostatically or through hydrogen-bonding. Hydrophilic polymers have 
been widely employed industrially as absorbents, adhesives, coatings, surfactants, and viscosity 
modifiers.1 Hydrophilic polymers are categorized by their origins (natural vs. synthetic) as well as 
chemical compositions. Examples of naturally occurring hydrophilic polymers include numerous 
types of polysaccharides (i.e., dextran, cellulose, and chitosan) and polypeptides. Synthetic, 
hydrophilic polymers offer the benefits of scalable production, compositional diversity, and 
tunable materials properties. The polymer backbone can be varied by choosing an appropriate 
polymerization method and the functional group density can be controlled by incorporating co-
monomers during polymerization. Increasing research efforts in polymer chemistry have led to 
the discovery of new polymerization techniques and polymer modification strategies that allow 
for tailoring materials properties of synthetic, hydrophilic polymers to suit the desirable 
applications.  
Figure 1.1 shows chemical structures of common synthetic hydrophilic polymers that 
have been studied extensively. These polymers feature amide, hydroxyl, or ether groups, which 
are capable of hydrogen bonding with water. Copolymerization of these monomers with new 
monomers containing pendent substituents represents a facile strategy to introduce 
functionality into synthetic hydrophilic polymer. For instance, Frey and coworkers have reported 
numerous examples of substituted poly(ethylene glycol) (PEG)-based copolymer with pendent 
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functional groups by anionic polymerizations of substituted epoxides, providing tunable lower 
critical solution temperature (LCST) temperatures and potential reactive sites for post-
polymerization modification or conjugation.2 Furthermore, solution properties are dependent 
on polymer architectures (e.g, block, star, hyperbranched, dendritic).  
 
Figure 1.1: Chemical structures of common hydrophilic, water soluble polymers  
Advances in novel polymerization techniques are indispensable for creating novel 
polymer structures and architectures, allowing elucidation of solution properties and self-
assembling behavior. With an appropriate balance of hydrophobicity offered by the polymer 
backbone and hydrophilicity featured by the pendent groups, synthetic hydrophilic polymer can 
either self-assemble into micellar structures or function as surfactants that disperse water-
immiscible liquids. For example, Eisenberg,3 Armes,4 Wooley,5 and others have exploited self-
assembled block copolymers as novel materials for nanotechnology and drug delivery. 
Breitenkamp et al. studied oil-water interfacial assembly of PEG-grafted polyolefins and 
demonstrated their use in forming robust polymer droplets and capsules using novel covalent 
crosslinking chemistries including a bifunctional co-monomer and UV-mediated crosslinking.6 
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Synthetic hydrophilic polymers also display tremendous potential in biomedical 
applications. For instance, surface immobilized hydrophilic polymers are capable of imparting 
antifouling properties and enhancing biocompatibility, which are crucial for medical implants. In 
another example, cationic polymers are known to exhibit antimicrobial properties owing to their 
ability to interact with anionic cell membranes that results in membrane disruption. The 
selectivity of such polyelectrolytes toward microbes, as opposed to red blood cells, can be 
improved by manipulating the polymer structure to achieve a suitable balance of hydrophobicity 
and hydrophilicity.7-8 Covalent attachment of hydrophilic polymers to therapeutic proteins and 
drugs provide aqueous solubility, and prolonged in vivo circulation owing to reduced protein 
adsorption and associated phagocytosis.9 The Kopeček group pioneered the application of 
poly(N-(2-hydroxypropyl)methacrylamide) (polyHPMA) for drug delivery.10 PolyHPMA exhibits 
minimal cytotoxicity, immunogenicity, and the pendent alcohol groups are available for 
functionalization with drugs and targeting moieties. Poly(HPMA)-doxorubicin conjugates were 
the first synthetic polymer-drug conjugates that entered clinical trials; however, the amount of 
drug conjugation is limited to 10 wt%, since higher amount of drug incorporation precludes the 
needed water solubility. PEG is now generally regarded as a benchmark for polymer-based 
delivery. While functionalization of linear PEG is typically restricted to the hydroxyl chain-ends, 
limiting the amount of drug loading, multi-arm, branched and dendritic variants of PEG and 
poly(PEG-methacrylate) present multiple chain ends for functionalizations. Apart from these 
advances, alternative hydrophilic polymers to PEG and poly(HPMA) are very much in demand, 
especially those which can maximize water solubility and drug loading, and minimize adverse 
effects associated with non-degradability and immunogenicity.11-12  
Synthetic hydrophilic polymers also found applications in cryopreservation, a strategy 
that prolongs the storage time of ex vivo cells and tissues used for transplantation and 
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regenerative medicine.13 Conventionally, organic solvents such as glycerol and dimethyl 
sulfoxide were employed as cryoprotectants to suppress ice formation during the 
cryopreservation process; however, these cryoprotectants are typically used at > 20 wt%. The 
high cytotoxicity of these solvents could cause damage to the surrounding tissues.  Recently, 
Gibson and coworkers showed that polyvinyl alcohol (PVA) was effective for red blood cell 
cryopreservation at a low polymer concentration of 0.1 wt% when used in conjunction with 
hydroxyethyl dextran, a synthetically modified polysaccharide.14-15 In contrast, other hydrophilic 
polymers such as PEG, PVP, and unmodified dextran are unable to function as cryoprotectants, 
suggesting the importance of choosing appropriate chemical building blocks in order to address 
the challenges of real-world materials. Synthetic advances in novel hydrophilic polymers are 
required for developing materials featuring functional moieties, biocompatibility and 
(bio)degradability; their solution and interfacial properties can be further manipulated by 
controlling the chemical compositions and thepolymer architectures.  This thesis centers on the 
development of synthetic platforms for a series of functional polymeric materials with potential 
applications as stimuli-responsive surfactants, electronically active materials, antifouling 
coatings, and degradable polymer scaffolds.  
1.2 Polymer zwitterions  
Polymer zwitterions represent a class of hydrophilic polymers with repeat units 
containing equal amounts of anionic and cationic groups in close proximity, typically two to 
three carbons apart, rendering these materials charge-neutral. While the cation is generally 
limited to quaternary ammonium moieties, various anionic groups with low pKa values, including 
sulfonates, phosphates, and sulfates, have been used to ensure the anionic groups are 
deprotonated over a wide range of pH values. Figure 1.2 shows common zwitterions that are 
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now widely used in polymer zwitterions. Unlike PEG and other synthetic hydrophilic polymers 
that are soluble in many organic solvents, polymer zwitterions are only soluble in water and 
fluorinated alcohols. The solution properties of polymer zwitterions can be controlled by 
selecting the appropriate polymer backbone, zwitterion density, and chemical identity of 
charged groups. Direct integration of reactive functionality into polymer zwitterions represents 
a new strategy for accessing highly functional polymer zwitterions, a topic of which will be 
discussed in Chapter 2. 
 
Figure 1.2 Chemical structures of common zwitterions  
Polymer zwitterions are in particularly useful for imparting hydrophilicity, 
biocompatibility, and antifouling properties to polymeric materials and surfaces intended for a 
myriad of applications ranging from drug delivery and diagnostic imaging to coatings for 
membranes and biomedical devices. Notably, phospholipid mimicking 2-methacryoyloxyethyl 
phosphorylcholine (MPC) is now commonly employed as coatings for stents and other medical 
devices.16-17 Given that polyMPC is highly soluble in water, it is often difficult to form a stable 
coating. To overcome this challenge, copolymerization of MPC with hydrophobic co-monomers 
(e.g., butyl methacrylate and naphthyl methacrylate)18 enables immobilization of polyMPC onto 
various surfaces owing to the improved hydrophobic-hydrophobic interactions.  Chapter 3 
discloses a novel method to incorporate polyMPC homopolymers into surface-adherent 
coatings.   
carboxybetaine sulfobetaine phosphorylcholine
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Polymer zwitterions are also capable of stabilizing oil-water interfaces when an 
appropriate balance of hydrophilicity and hydrophobicity is achieved. For example, the Emrick 
group reported the synthesis of phosphorylcholine(PC)-substituted polycyclooctenes (PC-
polyolefins), affording a hydrophobic polyethylene-like backbone having a PC group every 8-10 
carbons. PC-polyolefins were utilized for forming vesicle-like nanostructures and for modifying 
water purification membranes to reduce oil fouling19-20. Incorporation of pendent functionalities 
is advantageous for PC-polyolefins because oil-in-water droplets presenting additional surface 
functionality can be further modified or crosslinked to afford reactive and functional droplets 
with enhanced stability.  Efforts in this area will be discussed in Chapter 4.  
Polymer zwitterion-based hydrogels are promising for numerous biomedical 
applications. Jiang and coworkers demonstrated encapsulation of human mesenchymal stem 
cells in poly(carboxybetaine metharcylate)-based hydrogel, which retained stem cell phenotype 
and multipotency.21  Jiang group also reporsted that carboxybetaine-based hydrogels are 
capable of spontaneous self-healing under physiological conditions, which was attributed to 
zwitterionic fusion. Remarkably, this fusion did not compromise cell viability like other harsh 
self-healing conditions (e.g., UV, heating, pH).25 Zwitterionic hydrogels were also shown to resist 
foreign-body reaction when implanted in mice.22 Peyton and coworkers introduced the first 
example of PEG-PC hybrid hydrogels in 2013.  These hydrogels were prepared by radical 
polymerization of PEG-dimethacrylate and MPC in phosphate-buffered solutions.23 While 
conventional PEG-based hydrogels typically exhibit Young’s moduli in the range of 20-500 kPa, 
PEG-PC hybrid hydrogels with Young’s moduli in the range of 1-9300 kPa can be prepared by 
simply adjusting PEG-dimethacrylate concentration, allowing the use of PEG-PC hydrogel as a 
scaffold.  This scaffold is particularly useful for evaluating the relevance of tumor 
microenvironment in promoting resistance to chemotherapeutic drugs since these gels can 
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mimic a range of local tissue stiffness to confer more realistic cell behaviors. More importantly, 
these optically transparent PEG-PC gels are ideal for visualizing cells by microscopy. PEG-PC 
hydrogel exhibits fouling resistance against protein and cell adhesion. Complementarily, the 
Emrick group reported the incorporation of cell adhesion oligopeptide (GRGDS) into 
conventionally ‘slippery’ phosphorylcholine hydrogels by terpolymerization of MPC, GRGDS-
containing methacrylamide, and dithiol-containing cross-linkers.24 The amount of incorporated 
GRGDS in the hydrogels dictated the density of adhered cells.  
Surface-immobilized polymer zwitterions impart biocompability and fouling resistance 
since surface hydration is important for mitigating surface fouling by proteins, oils, and 
microorganisms. The extent of foulant deposition is minimized as the direct contacts between 
the foulants and the underlying substrates becomes negligible.  Accumulation of these foulants 
on surfaces is problematic for many fields ranging from biomedical devices to ship hull. For 
instance, protein adsorption on medical implants can be detrimental since the adsorbed protein 
can trigger inflammation, infection, and immune responses; On the other hand, accumulation of 
barnacles on ship hull could lead to 40% increase in fuel usage.26 While surface modification by 
physiosorption of amphiphilic copolymer is an effective strategy to impart surface hydrophilicity, 
covalently grafted polymers offer improved long-term stability in comparison to physiosorbed 
polymer coatings.  Takahara and coworkers reported grafting uniform polyMPC films of 40-50 
nm from initiator functionalized polyolefin sheet using atom-transfer radical polymerization.27 
The grafted polyolefin sheets showed excellent hydrophilicity and stability as shown by 
consistent water contact angles of <10° even after three years (water contact angle of 
unmodified polyolefin ~95°). Underwater contact angles of air, hexadecane, and dichloroethane 
are greater than 150°, suggesting these grafted surfaces are underwater superoleophobic. 
Moreover, the frictional coefficient of polyMPC grafted polyolefin sheet is lower than that of 
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unmodified polyolefin sheet, demonstrating the potentials of surface grafted polyMPC as 
immobilized lubricant for medical implants (e.g. artificial hips). Other reports have revealed the 
excellent lubrication and wear resistance properties of polyMPC coating owing to its superior 
hydration capability relative to other synthetic hydrophilic polymers. 
As an alternative to surface-initiated polymerization, phenyl azide-functionalized 
polymer zwitterions enable facile deposition on a variety of surfaces, where phenyl azide can 
undergo photolysis into highly reactive nitrene that inserts into C-H bonds, forming covalent 
bonds with organic surfaces. The Emrick group reported the modifications of water purification 
membranes with polyolefins containing phenyl azide and PC groups to improve membrane 
hydrophilicity, affording membranes with substantial improvement in fouling propensity to 
soybean oil-in-water emulsion.19 Ishihara and coworkers synthesized polyMPC containing phenyl 
azide co-monomer.28 Polymers were deposited by spin-coating and irradiated for 1 min. 
Incorporation of phenyl azide at 10 mol% proved effective to attach polymers covalently to a 
variety of surfaces including polyethylene, polystyrene, poly(methyl methacrylate), and 
polypropylene, as well as glass and titanium substrates that were passivated by alkyl groups. The 
water contact angles in air were reduced to ~40° from over 90°. Furthermore, the polyMPC 
modified surfaces inhibited HeLa cell adhesion even when the cell adhesion reached confluency, 
after an extended period.  
Jiang and coworkers implemented ionic-zwitterionic diblock copolymers containing 
sulfonate and SBMA for surface modification of charged surfaces, featuring comparable 
antifouling performance to conventional surface-initiated polySBMA brushes.29 The sulfonated 
block interacts strongly with quaternary ammonium functionalized surfaces by ion pairing. The 
amount of adsorbed polymers is dependent on polymer concentrations and polymer 
compositions, where the increase in polymer block size improved the coating stability, and 
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reduced the adsorption of fibrinogen and proteins present in human serum/plasma mixtures. 
This method was also successfully applied to other cationic surfaces, such as de-acetylated 
chitosan films and hydroxyapatite films; the relative amounts of adsorbed proteins were 
reduced to less than 10% of that on uncoated surfaces, demonstrating the utility of electrostatic 
interactions in immobilizing polyzwitterions on charged surfaces. 
Emrick and coworkers employed Suzuki-Miyura and Horner-Wadsworth-Emmons 
polycondensation to synthesize polymer zwitterions with conjugated backbones from 
zwitterionic monomers.30-31 Integration of conjugated polymer zwitterions into optoelectronic 
devices proved effective as electron transporting materials that improve device performance.32 
Recently, conjugated polymer zwitterions have also found applications in sensors and 
electroactive coatings. For example, Miyahara reported the synthesis of PC functionalized 
poly(3,4-ethylendioxythiophene) (PEDOT) by electropolymerization, which displayed reduced 
nonspecific protein adsorption and improved the performance of low-impedance biosensor that 
are capable of detecting specific proteins in biological media.33 Gang and coworkers reported 
that SB-substituted PEDOT exhibited electro-switchable antifouling and antimicrobial properties, 
where over 89% of attached E. coli were killed in 1 h when 0.6 V potential bias was applied and 
over 97% of attached cells were released at 0 V.34 
1.3 Overview of synthetic strategies 
Functional hydrophilic polymers can be prepared by either direct (co)polymerization or 
post-polymerization modification, with the later involving the preparation of reactive polymer 
precursors for modular functionalization. Well-defined polymer with pre-determined molecular 
weight and narrow polymer dispersity represent an ideal platform to elucidate structure-
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property correlation and to provide controls over self-assembly behaviors in bulk, thin films, and 
solutions. This section provides a summary on the synthetic strategies employed in this work.  
1.3.1 Controlled radical polymerization 
Numerous controlled ‘living’ polymerization radical polymerization techniques have 
been developed during the past two decades, allowing for facile preparation of vinyl polymers 
with controllable molecular weights and architectures. Polymerization techniques such as atom-
transfer radical polymerization (ATRP), and reversible addition-fragmentation chain transfer 
(RAFT) can maintain a dynamic equilibrium between active and dormant chain ends so that 
unwanted irreversible termination is suppressed to ensue narrow polymer dispersities and 
tunable molecular weights.  
 
Figure 1.3 Proposed operating equilibriums for (a) ATRP and (b) RAFT polymerization that are 
responsible for enabling precise controls over radical polymerizations of vinyl monomers  
ATRP was first reported in 1995 by the Matyjaszewski group.35-36 The main equilibrium 
of ATRP is shown in Figure 1.3; the bromide end group is reversibly activated and deactivated by 
the Cu(I) and Cu(II) species . The use of copper-, ruthenium- and iron-based metal complexes 
enables control over polymerizations; however, the metal residue present in the polymer was 
potentially problematic for electronic and biomedical applications. While other variants of ATRP 
methods have been developed in which operate at low-ppm levels of metals to resolve the 
Cu(I)Br Cu(II)Br2
(a)
(b)
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issues associated with metal contaminants over the past decade, recent advances in 
photoinduced metal-free ATRP using an organic photo-redox catalyst is promising for 
widespread utilizations of ATRP.37 To date, several zwitterionic monomers have been 
polymerized in water and alcohols using ATRP.38-40 The Emrick group has employed ATRP to 
prepare polymer zwitterions-drug conjugates that demonstrated promising therapeutic efficacy 
in vivo, and several examples of chain-end functionalized polyMPC for protein conjugation.41-43  
Reversible addition-fragmentation chain-transfer (RAFT) polymerization is capable of 
providing precise control over polymer molecular weights, polymer dispersities and 
architectures.44 Since its discovery by Rizzardo, Moad, and Thang in 1998,45 RAFT has become 
one of the most popular polymer techniques in modern polymer synthesis due to its tolerance 
to various functional groups and its ease of operation. The polymerization process is nearly 
identical to conventional polymerization except a specially designed chain transfer agent (CTA) 
is needed for maintaining a dynamic equilibrium between active and dormant chain ends. RAFT 
typically utilizes a thiocarbonylthio-containing CTA in conjunction with a radical source. The 
proposed mechanism of RAFT polymerization is shown in Figure 1.3. Follow by radical addition 
of initiator fragment to a monomer, the propagating radical adds to a thiocarbonylthio-based 
CTA to give a dormant radical intermediate, which can undergo fragmentation to give a new 
radical. The newly derived radical can then initiate another polymer chain and reversibly form 
adduct with the CTA. A degenerative chain transfer mechanism takes place to provide control 
over polymerization owing to the high chain-transfer constant offered by the CTA. The choice of 
CTA is crucial to the success of RAFT. In addition, polymers prepared by RAFT feature reactive 
functionality at the chain ends, with one end containing an initiator fragment and the other end 
containing thiocarbonythio moiety that is amendable to end-group modification or chain 
extension to afford block copolymers. Chain-end functionalized polymers offer opportunities for 
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post-polymerization conjugation with proteins, drugs, and fluorophores, as well as for surface 
medication of various two-dimensional surfaces and nanoparticle surfaces.46-47 Lowe and 
McCormick have extensively studied homopolymerization and block copolymerization of 
hydrophilic monomers using RAFT polymerization techniques in aqueous environments, 
affording water-soluble and amphiphilic polymers featuring stimuli-responsiveness and 
capability to undergo reversible assembling into various nanostructures.48 
1.3.2 Ring-opening metathesis polymerization  
Olefin metathesis has emerged as an indispensable tool for small molecules and 
polymer synthesis over the past two decades.49-50  This method provides an effective means for 
forming carbon-carbon bonds using organometallic catalysts. The molecular weights of polymers 
generated by ROMP generally correlate with the monomer-to-initiator ratio. Research effort in 
exploiting metathesis reaction began when the scientists at Dupont discovered the Ziegler-Natta 
catalyst was capable of inducing polymerization of norbornenes in the late 1950s. After Chauvin 
and coworkers proposed metallocyclobutane as the key intermediate in metathesis reaction in 
1970’s, monumental work from the Schrock and Grubbs groups experimentally verified 
Chauvin’s hypothesis and opened new research horizons in organometallic chemistry and 
polymer synthesis. The mechanism of olefins metathesis is depicted in Figure 1.4. Coordination 
of the oelfin to the open site on the metal-alkylidene catalyst allows for subsequent formation 
of metallocyclobutane by [2+2] cycloaddition, which could either undergo productive 
cycloreversion to produce a new metal alkylidene species or unproductive metathesis that 
reverse the cycloaddition step to form an olefin and the metal-alkylidene catalyst. 
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Figure 1.4 (a) Conversion of cyclic olefin to linear polyolefin by ROMP; (b) Proposed catalytic 
cycle of metal-alkylidiene mediated metathesis reaction 
Highly strained cyclic olefins such as (oxa)norbornene (ring strain >20 kcal/mol) 
undergoes ring-opening metathesis polymerization (ROMP) rapidly, affording quantitative 
monomer conversion within minutes. The ‘pseudo-living’ characteristics featured by (ROMP) 
enables access to well-defined polymer with pre-determined molecular weight and narrow 
polymer dispersity (i.e., Ð<1.3). Since (oxa)norbronene monomers are readily accessible, along 
with the commercial availability of functional group tolerant Grubbs catalyst, numerous 
examples of hydrophilic ROMP polymer have been reported. Moreover, ROMP can be used in 
tandem or concurrently with other polymerization techniques, yielding polymers with unique 
architectures, chemical structures and physical properties.51-54 
Cyclooctene is another popular class of ROMP monomers. The eight-member ring 
exhibits sufficient ring-strain of 7.6 kcal/mol.55 Substituted cyclooctenes are typically prepared 
from 1,5-cyclooctadiene by epoxidation and halogenation.56 Since ROMP relies on the relief of 
ring strain to provide enthalpic driving force for polymerization, ROMP of cyclooctenes are much 
slower than norbornenes.. These cis-cyclooctene-based monomers typically result in polymers 
with dispersity values of 2 due to secondary metathesis. Ruthenium catalyst can migrate from 
(a)
(b)
n
ROMP
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chain to chain in analogues to chain-transfer observed in radical polymerization, which is also 
known as chain scrambling.55  Ring-opening metathesis polymerization (ROMP) of zwitterion-
containing cyclic olefins has emerged as a promising strategy to prepare polymer zwitterions. 
Lowe and coworkers first reported the use of ROMP for carboxybetaine- and sulfobetaine-
containing oxanorbornene in 2007.57 Emrick reported ROMP of phosphorylcholine-substituted 
cyclooctene in 2009, termed as PC-polyolefins, which allowed for placing PC groups along the 
polyethylene-like backbone that are amendable to interfacial assembly.19-20 
1.3.3 Post-polymerization modification 
Functional groups can be introduced into a single reactive polymer precursor through 
post-polymerization modification to afford a library of functional polymers featuring the same 
degree of polymerization and chain-length distribution in one-step, while eliminating the need 
to synthesize each individual monomer and polymer.  Moreover, post-polymerization 
modification is particularly useful when the pendent groups are incompatible with the 
polymerization conditions. Conventionally, carbodiimide-mediated coupling chemistries are 
widely used for post-polymerization modification. For instance, poly(acrylic acid) is amendable 
to crosslinking reactions with diamines as well as conjugation reactions with various amine- and 
alcohol-containing molecules by carbodiimide-mediated coupling; however, the O-acylisourea 
intermediate can undergo rearrangement to N-acylurea, which inhibits coupling reactions with 
nucleophiles.  Figure 1.5 shows the alternatives to carbodiimide chemistry that allows for 
integrating desirable moieties into polymer structures. Nearly quantitative conversion is 
typically achieved by these methods. 
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Figure 1.5 Synthesis of functional polymer by post-polymerization functionalization 
techniques; (a) copper-catalyzed alkyne-azide cycloaddition, (b) thiol-ene addition, and 
substitution reaction with (c) pentafluorophenol ester-, and (d) azlactone-substituted 
polymers 
Sharpless, Finn, and Kolb introduced the concept of ‘click’ chemistry in 2001, where 
Cu(I)-catalyzed azide-alkyne cycloaddition was developed to address the need for a simple, high 
yielding coupling reaction pathway to achieve high degree of functionalization.  Adaption of 
‘click’ chemistry to polymer chemistry has afforded many highly functional materials ranging 
from dendrimers to fire-safe plastics.58-60 Hydrophilic polymers can be prepared by reacting 
alkyne functionalized polymers with azide-containing small molecules under mild conditions.  
For example, Haddleton and coworkers synthesized glycopolymer by reacting alkyne-
functionalized polymers with azide-functionalized polymers.61 Howard and coworkers reported 
conjugation of alkyne functionalized phosphorylcholines to azido-containing 
polymethacrylates.62  Thiol-ene addition represents the copper-free alternative for efficient 
post-polymerization modification.63 Thiol-ene addition is usually performed in the presence of a 
thermal- or photo-initiator.  Thiyl radicals readily form due to the high chain-transfer constant of 
thiols and favor formation of anti-Markovnikov adducts with alkenes. Thiols are typically used in 
(c) (d)
(a) (b)
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excess to avoid unwanted side reactions associated with bimolecular radical coupling. Thiol-
containing zwitterions have been conjugated to polybutadiene and polysiloxanes.64-65 
Active esters refer to a class of stable esters that can be isolated and subjected to nearly 
quantitative derivatization when necessary. Early efforts by the Ringsdorf group document the 
synthesis of polymers containing active ester groups, such as N-hydroxysuccinimide (NHS), 
2,4,5-trichlorophenol and 1-hydroxybenzotriazole for coupling reactions with amines. Although 
NHS is now widely employed in bioconjguation due to its high reactivity, the NHS groups are 
susceptible to hydrolysis, leading to the formation of unwanted carboxylic acid moieties. 
Polymers containing alternative active esters such as pentafluorophenyl ester (PFPE) have 
emerged as a promising reactive polymer platform. Due to the presence of electron-
withdrawing fluorine atoms on the aromatic ring, the rate of amine substitution reaction is 
accelerated because pentafluoropenol is a good leaving group, which promotes the collapse of 
tetrahedral intermediate resulting from the nucleophilic addition of an amine to the carbonyl 
group. Moreover, PFPE-functionalized polymers are soluble in most of organic solvents, while 
NHS-functionalized polymers are generally only soluble in N,N-dimethylformamide and dimethyl 
sulfoxide. Theato and coworkers first introduced the concept of utilizing PFPE esters in 
preparing functional polymeric materials that are amendable to post-polymerization 
modification and they have recently published a comprehensive review.66 Gibson et al. 
demonstrated that a library of water-soluble polymethacrylamide, with a range of cloud points, 
could be prepared from PFPE-functionalized polymers with amines. For instance, Roth and 
coworkers utilized PFPE polyacrylates to prepare sulfobetaine copolymers with adjustable upper 
critical solution temperatures in the range of 5 to 80 °C by varying the amount of benzyl 
substituents. Beside using functional amines, PFPE functionalized polymers are also reactive 
toward alcohols in the presence of catalysts such as 4-(dimethylamino)pyridine and 
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tetrabutylammonium fluoride, noting that ester and amide linkages can provide additional 
control over polymer solution properties due to their differences in hydrogen bonding 
capabilities.  
Azlactone-functionalized polymers also proved useful for enabling modular synthesis of 
functional hydrophilic polymer.67 Homo-, co-, and ter-polymer with tunable critical solution 
temperatures can be prepared from azlactone-functionalized polymers by reacting polymeric 
precursor with amines, where the relative amounts of hydrophobic and hydrophilic pendent 
groups dictate the solution properties.  Roth and coworkers prepared a series of sulfobetaine-
based polymer zwitterions containing variable amount of benzylamine and 
tetrahydrofurfurylamine, demonstrating the ability to fine-tune the lower and the upper critical 
solutions temperature by controlling the polymer composition.68 
1.4 Imparting degradability to polymer 
Reduction in polymer molecular weight can lead to changes in materials properties, 
including mechanical properties, solubilities, chemical reactivities, and pharmacokinetics. 
Degradable polymers have shown great promise in various biomedical applications, including 
tissue engineering, drug and protein delivery, surgical sutures, and medical implants. Integration 
of degradable linkages, such as esters, carbonates, phosphoesters, and disulfides into the 
polymer backbone provides a mechanism towards triggered release of encapsulants. Recently, 
the concept of chain-shattering69 or self-immolative polymers70 have been realized by 
incorporating UV- or pH-triggered degradable groups into polymer backbones using 
polycondensation; depolymerization occurs as opposed to the formation oligomers due to 
random chain scissions as observed in conventional degradable polymers.  
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Significant advances have been made toward functional polyesters over the past 
decades, with respect to the development novel monomers and various polymerization 
methods.  The availability of these new synthetic tools facilitates the synthesis of functional 
polyesters with tailorable compositions, functionalities, and architectures. Ring-opening 
polymerization (ROP) of lactones provides a straightforward method to integrate hydrolytically 
cleavable ester linkages into polymer backbones.71 Incorporation of pendent functional groups 
amendable to post-polymerization modification imparts new opportunities for conventional 
hydrophobic polyester backbone. For example, poly(ethylene glycol)s have been covalently 
grafted onto polyesters with pendent alkyne groups using copper(I)-catalyzed alkyne-azide 
cycloaddition to, giving a degradable amphiphilic graft copolymer.72  
Insertion of degradable ester groups into methacrylate and other vinyl-based monomers 
have been achieved by radical ring-opening polymerization of cyclic ketene acetals.73-74 
Incorporation of other cleavable linkages including acetal, anhydrides, and disulfides into 
polymer backbones enables tunable levels of degradation. Hawker and coworkers have 
demonstrated ring-opening radical copolymerization of cyclic monomers containing degradable 
linkages such as disulfides, thioesters, esters that result in degradable poly(methacrylate)s, 
which incorporate up to 10 mol% of the cyclic monomer.75 Design of novel degradable 
monomers is important for broader applicability of functional polymers as well as for enabling 
tunable degradation kinetics and selective degradations. Concurrent development of novel ROP 
techniques is anticipated to accelerate the discovery of novel degradable materials with more 
complex architectures and functions.   
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1.5 Thesis outline 
This thesis focuses on the development of new synthetic platforms that yield functional 
polymeric materials containing hydrophilic, zwitterionic, and reactive pendent groups. Through 
the use of innovative monomer designs and novel polymerization strategies, we were able to 
access novel polymers with tunable hydrophilicity, biocompatibility, and degradability.   
 
Figure 1.6: Schematic illustrations of functional polymers systems prepared by (a) 
polymerization of monomers featuring additional synthetic handles, (b) copolymerization with 
functional monomers, and (c) insertion of degradable groups into polymer backbones 
 
As shown in Figure 1.6, several approaches were exploited to introduce functionalities into 
polymer structures, including groups setup for orthogonal degradation, surface-anchoring, or 
electronic activity.  Specifically, this thesis describes new synthetic strategies for a series of 
polymer zwitterions with embedded functionalities as well as degradable polymers containing 
hydrolyzable esters and redox-responsive disulfide groups. A new strategy that incorporates 
antifouling polymer zwitterions into surface-adherent coatings was developed to impart 
resistance against oil and biofouling on various surfaces. The studies of polymer zwitterions at 
the oil-water interface demonstrate that emulsion droplets undergo salt-induced disruption. 
Development of novel functional polymer zwitterions enables the preparation of robust 
emulsion droplets that are capable of encapsulating and releasing nanoparticles. Other droplets, 
presenting appropriate functional groups, are capable of interacting with nanoparticle debris on 
FG
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FGFG
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FG = Functional groups
FG FG
FGFG
= Degradable groups= zwitterions
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the surfaces. Efforts in manipulating polymer backbone structures led to the development of 
conjugated polymer zwitterions featuring a polyacetylene backbone and numerous functional 
degradable materials. 
Chapter 2 describes the syntheses and (co)polymerizations of substituted sulfobetaine 
methacrylate monomers bearing pendent alkene and alkyne groups that are amendable to post-
polymerization modifications. Novel functional 1,3-propanesultones were developed to 
synthesize the corresponding functional sulfobetaine methacrylate monomers in nearly 
quantitative yields. The resultant polymers were interfacially active, such that stable oil-in-water 
emulsion droplets were obtained by simply shaking an aqueous polymer solution in the 
presence of oil, affording salt-responsive droplets that undergo coalescence upon adding salt. 
The residual functional groups (i.e., alkene and alkyne) at the oil-water interfaces also enable 
facile crosslinking reactions to produce robust polymer capsules. 
Chapter 3 describes a new strategy to immobilize highly hydrophilic polyMPC on 
surfaces using polydopamine as a ‘binder’.  Co-deposition of polyMPC with dopamine imparts 
hydrophilicity and antifouling properties to various surfaces by taking advantage of non-covalent 
interactions that allow for associations between polyMPC and polydopamine. The deposition 
kinetics and surface characteristics of composite coatings were evaluated, where a thinner, 
smoother, and more hydrophilic coating was obtained in the presence of polyMPC when 
compared to the polydopamine coating obtained with dopamine alone. The antifouling property 
was evaluated by exposing modified substrates to bacteria and oils as model foulants 
Chapter 4 describes the efforts in preparing polyolefin-based polymer zwitterions by 
metathesis polymerization. Phosphorylcholine substituted polyolefins with enhanced droplet 
stability and the ability to interact with amine-functionalized nanoparticles and hydroxyapatite 
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nanoparticles were realized by copolymerization with functional co-monomers. Polymer 
zwitterions featuring conjugated polyacetylene-like poly(1,6-heptadiyne) backbone were 
synthesized by metathesis cyclopolymerization.  These novel polymer zwitterions prove 
effective in reducing metal work function and resulting in improved bulk heterojunction solar 
cell efficiency.   
Chapter 5 focuses on the development of a new strategy to directly insert degradable 
linkages into polymer backbones by ROMP.  Degradable linkages including disulfides and  
phosphoesters were incorporated by copolymerizing functional cyclic olefins with embedded 
degradable groups in the ring structures. Orthogonally degradable polyolefins were realized by 
copolymerizing disulfide- and phosphoester-containing cyclic olefins with non-functional cis-
cyclooctene. The corresponding terpolymers were sequentially degraded by reduction and 
hydrolysis respectively as demonstrated by step-wise reduction in molecular weights. 
Chapter 6 describes organo-catalyzed ring-opening polymerization of α-substituted 
lactones to afford orthogonally functionalizable polyesters that are amenable to both thiol-ene 
and CuAAC reactions. This approach significantly reduces the time required for (co)polyester 
synthesis,dropping the time down from >24 hours to  minutes or 1-2 hours.   
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CHAPTER 2 
 EMBEDDING FUNCTIONALITY INTO POLYMER ZWITTERIONS 
2.1 Introduction 
This chapter focuses on the synthesis of functional polymer zwitterions by integrating 
desired functionalities directly into the zwitterionic monomers. Specifically, alkene and alkyne 
containing 1,3-propanesultone were synthesized to afford substituted sulfobetaine 
methacrylates that are amendable to controlled radical polymerization and post-polymerization 
modification.  Advances in new synthetic strategies to incorporate functional groups into 
hydrophilic polymers provide opportunities for expanding their potential utilities. Having 
functional groups directly attached to the pendent zwitterions is anticipated to increase 
functional group density while exerting minimal perturbations on the solution and interfacial 
properties of polymer zwitterions. Prior examples of hydrophilic monomers with embedded 
functionality include alcohol-containing monomers such as glycidol, oligo(ethylene glycol)-based 
(meth)acrylates and N-(2-hydroxypropyl) methacrylamide, where alcohol groups can be 
subjected to carbodiimide-mediated coupling reactions with various carboxylic acids. Although 
carboxybetaine is amendable to functionalization in a similar manner, the zwitterionic character 
is lost after modification due to the conversion of anionic carboxylic acids to the corresponding 
esters or amides. The Jiang group has integrated an alcohol group into carboxybetaine 
methacrylate and showed that alcohol-containing carboxybetaine methacrylate can exist 
reversibly in the cationic and zwitterionic forms through the formation of a lactone ring, 
exhibiting antimicrobial and antifouling properties depending on the pH value.1 The Laschewsky 
group has reported the synthesis of an alcohol-containing sulfobetaine polymer and evaluated 
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its solution properties in response to various salts and concentrations; however, the reactivity of 
the hydroxyl moiety was not exploited.2-3  
Another example of having functionality embedded into hydrophilic monomers was 
reported by Li and coworkers where N-vinylpyrrolidone was modified with alkyl, alkyne, and 
acetal substituents, allowing for control over polymer cloud points in solutions.4 They 
deprotonated the methylene group α to the carbonyl groups of N-vinylpyrrolidone with lithium 
diisopropylamide and quenched the lithiated anions with various electrophiles. This approach 
gave substituted N-vinylpyrrolidone derivatives in moderate to good yields. By adapting this 
functionalization strategy to 1,3-propanesultone, a precursor for zwitterionic sulfobetaine 
synthesis that also features acidic protons α to the sulfonate suitable for nucleophilic 
substitution reactions, functional sulfobetaines carrying reactive functionality can be prepared.  
The dual-responsiveness of poly(sulfobetaine methacrylate) (polySBMA) toward salt 
concentrations and temperatures has gained great attention in designing stimuli-responsive 
materials.5 For example, integration of sulfobetaine into amphiphilic block copolymers affords 
salt-triggered disassembly of micelles.6-9  On the other hand, sulfobetaine-containing hydrogels 
are known to exhibit salt-dependent swelling behaviors.10-14 The intra- and intermolecular 
dipole-dipole (zwitterion-zwitterion) interactions among sulfobetaine groups are screened upon 
the addition of salt or by an increase in solution temperature. For instance, polySBMA exhibits a 
limited solubility in water due to its globule-like conformation, but becomes more soluble upon 
the addition of salt as it adopts a coil-like conformation. The cloud point temperature is 
dependent on polymer molecular weights15, extent of branching16, and solution conditions (i.e., 
polymer concentration and salt concentration17-19). However, stimuli-responsive oil-in-water 
emulsion droplets stabilized by polySBMA have not been previously reported prior to our 
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publication in 2015.20 Emulsion droplets can be prepared by simply shaking an aqueous solution 
of polySBMA (1 g/L) containing 10-20 volume percent of water-immiscible organic solvents 
including dichloromethane, benzene, chloroform, toluene, 1,2,4-trichlorobenzene. The ability to 
incorporate reactive functionality onto these dual-responsive droplets is anticipated to broaden 
the potential utility of polymer capsules. The work presented in this chapter represents the first 
example of functional zwitterionic polymer having functional groups directly attached to the 
zwitterionic sulfobetaine moieties. These functional sulfobetaine polymers having pendent 
alkene and alkyne groups proved useful for stabilizing oil-in-water emulsion droplets and 
opened routes to crosslinking at fluid-fluid interfaces for polymer capsules fabrication.     
2.2 Inserting functionality directly into sulfobetaine moiety 
Sulfobetaine-containing monomers can be conveniently prepared by ring-opening 
reaction of 1,3-propanesultone with tertiary amines in nearly quantitative yields; the 
permanently charged quaternary ammonium and strongly acidic sulfonate groups ensure 
charge-neutrality of sulfobetaine over a broad range of pH values. To integrate functionality 
directly into sulfobetaine, one can either react a functional amine with 1,3-propanesultone or 
utilize a substituted 1,3-propanesultone in the ring-opening reaction as depicted in Scheme 2.1. 
There is at least one example that modulates the amphiphilicity of resultant sulfobetaines with 
substituted amines containing variable alkyl length.21 However, the synthesis of substituted 
functional amines carrying functional group may be cumbersome due to the potential difficulty 
associated with purification. Substituted sultones with functional group α to the sulfonate can 
be prepared by reacting lithiated sultones with electrophiles, such as aldehydes, ketones and 
halides.22 Subsequent ring-opening of substituted sultone with tertiary amine-containing 
monomer is anticipated to afford sulfobetaine with pendent functionality.  
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Schemes 2.1 Synthesis of sulfobetaine by (a) reaction of a tertiary amine with 1,3-
propanesultone, (b) reaction of a functional tertiary amine with 1,3-propanestultone, and (c) 
reaction of a tertiary amine and functional sultones 
We note that 1,3-propanesulfone is highly susceptible to ring-opening reaction at the γ 
position adjacent to the sulfonate groups by various nucleophiles (e.g., amines, alkoxides, and 
halides at elevated temperatures), preventing the use of lithium diisopropylamide (LDA) and 
various steroselective amine additives for deprotonation and steroselective alkylations. 
Fortunately, Durst and coworkers reported successful alkylation of 5- and 6-membered cyclic 
sultones in 1969. The lithiated sultones appeared to be stable for at least 3h at -78°C, in which 
unwanted ring-opening reaction by n-butyllithium was suppressed. While quenching lithiated 
sultones with carbonyl-containing electrophiles (e.g., acetone and benzaldehyde) afforded 
adducts in 65-85% yield, reactions with methyl iodide and ethyl bromide only gave the alkylated 
product in 62 and 25% yield, respectively. The synthesis of allyl-substituted sultone 1 was first 
reported by Wolinsky and coworker in 1981, 22 however, this paper was merely cited 13 times 
(Web of Knowledge, accessed June 2016) and only one paper reported the use of sultone 1 as 
reactant. Notably, there is a patent focuses on the makings of various aminopropylsulfonates 
employing substituted sultone, including sultone 1, as drug candidates for amyloid disease 
treatment. This section describes alkene- and alkyne-substituted sulfobetaine methacrylates 
(a)
(b)
(c)
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with embedded functional groups at the α position relative to the sulfonate by reacting 2-
(dimethylamino)ethyl methacrylate (DMAEMA) with α-substituted sultones. 
2.2.1 Synthesis of alkene- and alkyne-substituted sultones and sulfobetaine methacrylates 
The detailed synthesis of allyl- and alkyne-substituted 1,3-propanesultones, 1 and 2, are 
provided in chapter 7 (experimental section). Briefly, 1,3-propanesultone was deprotonated 
with n-butyllithium at −78 °C in anhydrous tetrahydrofuran (THF), followed by quenching with 
allyl bromide or 3-(trimethylsilyl)propargyl bromide as electrophiles (Scheme 2.2). The reaction 
mixture was then allowed to warm up to 0°C before quenching with water. A slight excess of 
sultone and bromide relative to n-BuLi minimized competing dialkylation and undesired sultone 
ring-opening. These syntheses proved straightforward on a multigram scale, with the dialkylated 
sultone unavoidable as a byproduct but removed easily by column chromatography. Allyl-
substituted sultone 1 was isolated as a colorless oil in ∼50% yield after column chromatography 
on silica gel (0-30% ethyl acetate in hexanes). Successful allyl-substitution is confirmed by the 
presence of olefin signals at 5.81 (CH=CH2) and 5.22 (CH=CH2) ppm in the 1H NMR spectrum, and 
132.2 (CH=CH2) and 119.4 (CH=CH2) ppm in the 13C NMR spectrum. Subsequent ring-opening 
with 2-(dimethylamino) ethyl methacrylate (DMAEMA) in acetonitrile (ACN) at 70 °C afforded 
allyl-functionalized SBMA 2 in 96% yield as a white powder. The appearance of characteristic 
methacrylate resonances at 6.18, 5.79 and 1.95 ppm, and the resonances of methyl groups 
quaternary ammonium at 3.20 ppm confirmed the incorporation of methacrylate group through 
ring-opening reaction. High resolution mass spectrometry gives a m/z value of 320.1241 
(calculated 320.1526 for [M+H]+). 
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Schemes 2.2 Synthesis of allyl- and alkyne- substituted sultones 1 and 3 for ring-opening 
reaction with 2-(dimethylamino)ethyl methacrylate (DMAEMA) to afford allyl- and alkyne-
substituted sulfobetaine methacrylate 2 and 4 
Trimethylsilyl(TMS)-alkyne-substituted 1,3-propane sultone 3 was synthesized in ∼40% 
yield by adding 3-(trimethylsilyl)-propargyl bromide to the lithiated sultone; the crude product 
was purified by column chromatography on silica gel (10-20% ethyl acetate in hexanes) to 
remove dialkylated byproduct. Successful synthesis was confirmed by 1H NMR spectroscopy 
with the appearance of trimethylsilyl CH3 group at -0.1 ppm. In the 13C NMR spectrum of 3, the 
TMS protected acetylene resonances were observed at 99.9 and 88.8 ppm. We note that the 
use of propargyl bromide as quenching agent instead of 3-(trimethylsilyl)-propargyl bromide did 
not give propargyl-substituted 1,3-propanesultone, presumably due to the occurrence of side 
reactions associated with the presence of acidic acetylene proton. It is also beneficial to protect 
the pendent acetylene group as it is susceptible to reaction with radicals. Methacrylate 4 was 
BuLi
THF, -78ºC
-78 C - 0 C-78 C - 0 C
DMAEMA
ACN, 70 C
DMAEMA
ACN, 70 C
1 3
2 4
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then obtained in 95% yield by ring-opening 3 with DMAEMA in ACN) at 70 °C. High resolution 
mass spectrometry gives a m/z value of 390.1772 (calculated 390.1765 for [M+H]+). 
2.2.2 Polymerization of allyl-substituted sulfobetaine methacrylate 2 
Allyl-substituted sulfobetaine methacrylate 2 was examined in homo- and 
copolymerizations using reversible addition-fragmentation chain-transfer (RAFT) polymerization 
with chain-transfer agent (CTA) 4-cyano-4-(pentylcarbonothioylthio)pentanoic acid (CPDB) and 
radical initiator 4,4’-azobis(4-cyanovaleric acid) (ACVA).  The RAFT-mediated 
homopolymerization of 2 was conducted using [M]0:[CTA]0:[I]0 = 50:1:0.2 in 2,2,2-
trifluoroethanol (TFE) at 70 °C for 15 h.  TFE proved to be an exceptional solvent for 
polymerization of SBMA, which ensues solubility of monomer and polymer throughout the 
polymerization. The resultant polymer was found soluble in water and TFE, but possessed a 
broad molecular weight distribution (Ð) of 4.88, uncharacteristic of optimal RAFT 
polymerizations. Inspection of polymerization kinetics by GPC and 1H NMR spectroscopy 
revealed an increase in Ð with monomer conversion, with shorter reaction times and lower 
monomer conversion producing polymers having Ð < 1.3 (Figure 2.1 a). Conversion was 
determined using the integration ratio of allyl signal at 5.88 ppm vs. the methacrylate signal at 
6.18 ppm. The linear increase in GPC-estimated number-averaged molecular weight with 
conversion was observed up to a conversion of 40%, suggesting the RAFT process was well-
controlled at lower conversion. Indeed, polymers having Ð < 1.3 could be easily obtained when 
the conversion was kept below 40%. The plot of ln([M]0/[M]t) vs. polymerization time (Figure 
2.1b) showed a sensitivity of these polymerizations to radical concentration; deviation from 
linearity indicates decreasing radical concentration with monomer conversion, presumably due 
to irreversible termination.  
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Figure 2.1 Homopolymerization of 2: (a) Evolution of molecular weight and Ð with monomer 
conversion; (b) plot of ln([M]0/[M]t) as a function of polymerization time in TFE at 70 °C using 
[M]0:[CTA]0:[I]0 = 100:1:0.2. 
 
Addition of chain transfer agent to the radicals derived from pendent alkenes (i.e.,  
addition of propagating radical to the pendent alkene or hydrogen abstraction from the allylic 
position) would result in the loss of CTA necessitated for suppressing irreversible termination, 
leading to undesired side-reactions including chain transfer and termination that contribute to 
the broadening of Ð with respect to polymerization time. The proposed mechanism is shown in 
Scheme 2.3. The new CTA resulted from the addition of CTA to the radical on the polymer side 
chain could no longer keep the incoming propagating radical in the dormant state because the 
secondary alkyl group is a poor leaving group in comparison to methacrylate radical. It is 
important to note that termination reactions happen throughout polymerization. As the 
concentrations of monomer and CTA deplete in the later stage of polymerization, newly formed 
radicals are more likely to terminate the propagating chain ends or undergo radical addition to 
the pendent allyl groups. 
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Schemes 2.3 Proposed mechanisms for side reactions associated with the presence of pendent 
alkene groups during RAFT polymerization that lead to imperfect controls over polymer 
molecular weight and polymer dispersity at high monomer conversion 
Copolymerization of 2 with SBMA in TFE proceeded more effectively than 
homopolymerization, even to high conversion (85%), affording relatively narrow Ð values at low 
incorporation of 2 (1.3-1.4 at 5-20 mole % 3), and > 2 above 50 mole % 2 (Table 1). Involvement 
of the pendent alkenes in the later stages of polymerization, as methacrylate is depleted, would 
lead to increased Ð values. Wooley and coworkers reported broadening of Ð above 63 % 
conversion for styrenic monomers containing pendent alkenyl groups, with gelation resulting 
from conventional free radical polymerization even at modest conversion.23 Nonetheless, 
despite imperfect control, functional polySBMA copolymers of considerable molecular weight 
(>10 kDa) and a tunable extent of pendent alkene groups were achieved. 
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Table 2.1 Representative data for homopolymerization of 2 and copolymerization of 2 with 
SBMA using a 50:1:0.2 ratio of [M]0:[CTA]0:[I]0 to afford homopolymer 5 and copolymer allyl-
SB-X, 6-X (X denotes mol% of monomer 2) 
 
 
Target 2 
(mol %) 
Actual 2 
(mol %) 
Conv. 
(%) 
Mn, theo  
(kDa) 
Mna 
(kDa) 
Ða 
100 100 76 12.3 26.7 4.9 
50 46 85 13.1 21.1 2.1 
20 21 90 13.2 17.2 1.4 
5 6 90 12.9 16.6 1.3 
a Estimated by GPC eluting in TFE relative to PMMA standards 
2.2.3 Polymerization of alkyne-functionalized sulfobetaine methacrylate 4 
TMS-protected alkyne-substituted SBMA 4 proved more readily amenable to controlled 
radical polymerization than the alkene version. For example, RAFT-mediated 
homopolymerization of 4, using [M]0:[CTA]0:[I]0 = 82:1:0.2 in TFE at 70°C for 9 h, afforded TMS-
alkyne-SB-100 (7) with Mn = 23.2 kDa and Ð = 1.2 at 78 % monomer conversion. Prolonged 
reaction times did not alter Ð significantly, suggesting excellent compatibility of the protected 
alkynes with these RAFT conditions, consistent with other reports of TMS-protected alkynes in 
5
6
2
CPDB, ACVA
TFE, 70 C
SBMA
CPDB, ACVA
TFE, 70 C
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radical polymerization.24-25 Homopolymerization kinetics were monitored by 1H NMR 
spectroscopy and GPC on aliquots taken at predetermined time points. The monomer 
conversion was calculated using the ratio of the TMS signal at 0.20 ppm and the residual 
methacrylate signal at 6.2 and 5.8 ppm.  The improved control of these alkyne-substituted 
monomers relative to the alkene case is seen in Figure 2.2, noting: 1) the linear increase of 
molecular weight with conversion; 2) the linear correlation between ln([M]0/[M]t) and 
polymerization time; and 3) the low Ð values obtained. 
 
Figure 2.2 Homopolymerization of 4: (a) Evolution of molecular weight and Ð with monomer 
conversion; (b) plot of ln([M]0/[M]t) as a function of polymerization time in TFE at 70 °C using 
[M]0:[CTA]0:[I]0 = 82:1:0.2 
The resultant homopolymer 7 was soluble in methanol, and insoluble in water due to 
the TMS groups. TMS removal was achieved by treating 7 with aqueous potassium fluoride, and 
the deprotected polymer formed a homogenous aqueous solution. The 1H NMR spectrum of 
fully deprotected 7 (alkyne-SB-100) is shown in Figure 2.3, noting the complete disappearance 
of TMS signal at 0.2 ppm. GPC showed a molecular weight distribution nearly unchanged after 
deprotection, which is indicative of the absence of side reactions. Moreover, solubility 
differences between the protected and deprotected polymers allow for partial deprotection and 
tunable amphiphilicity.  For example, deprotection of 7 with n-Bu4NF (1.1 equivalents per 
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alkyne) in methanol/THF (1.8:1 v/v) led to polymer precipitation, with 1H NMR spectroscopy 
revealing the loss of 80 % of the TMS groups.  The use of other solvent mixtures is anticipated to 
afford functional sulfobetaine polymer with various amount of pendent alkyne group available 
for coupling reactions, and the residual protected alkyne groups can then be deprotected and 
subjected to crosslinking reactions or further functionalization. 
 
Figure 2.3 1H NMR spectrum of TMS-alkyne-SB-100 (top) taken in MeOD-d4 and alkyne-SB-100 
taken in 0.5M NaCl in D2O (bottom) 
Copolymerization of 4 with SBMA proceeded smoothly and to high monomer 
conversion, giving copolymers TMS-alkyne-SB containing 10-50 mole % alkyne with molecular 
weights up to 14 kDa and Ð < 1.3 (Table 2.2). The molar ratios of incorporated 4 in the 
copolymers were determined using 1H NMR spectroscopy by the relative integration values of 
TMS at 0.2 ppm the against the CH2 adjacent to the ester at 4.5 ppm, and found to correlate 
closely to feed ratio.  Monomodal molecular weight distributions and good correlation between 
theoretical and experimentally determined molecular weights confirm the excellent level of 
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control desired from RAFT polymerizations, and the ability to incorporate desired amounts of 
functionality into polymer zwitterions. Deprotection of TMS-alkyne-SB-50 with KF proceed 
smoothly, as confirmed the absence of TMS signal at 0.2 ppm in 1H NMR spectrum, affording 
alkyne-SB-50 with Mn= 14.7 kDa, Ð = 1.16.  
Table 2.2 Representative data for homopolymerization of 4 and copolymerization of 4 with 
SBMA using a 50:1:0.2 ratio of [M]0:[CTA]0:[I]0 to afford homopolymer 7 and copolymer TMS-
alkyne-SB-X, 8-X (X denotes mol% of monomer 4) 
 
Target 4 
(mol %) 
Actual 4 
(mol %) 
Conv. 
(%) 
Mn, theo  
(kDa) 
Mna 
(kDa) 
Ða 
100 100 78 12.3 26.7 4.9 
50 50 80 13.6 14.5 1.1 
30 30 90 14.3 14.4 1.1 
10 10 94 13.9 13.0 1.1 
a Estimated by GPC eluting in TFE relative to PMMA standards 
2.3 Salt-responsive oil-in-water droplets stabilized by functional sulfobetaine polymer 
Oil-in-water emulsion droplets are produced when a small amount of oil is dispersed 
with the aid of surfactant in a larger quantity of water. Stimuli-responsive emulsion systems that 
7
8
CPDB, ACVA
TFE, 70 C
SBMA
CPDB, ACVA
TFE, 70 C
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allow for triggered droplet disruption and controlled release of encapsulants can be realized by 
using specially designed polymer surfactants.26-27 Meanwhile, the stability of emulsion droplets 
is dependent on numerous parameters including surfactant concentration, oil-to-water ratios, 
temperature, and the emulsification methods. Emulsion droplets will undergo rapid coalescence 
in absence of surfactant to decrease overall free energy of the system, leading to eventual 
macrophase separation of oil and water. The use of surfactants such as amphiphilic 
(co)polymers may delay or prevent droplet coalescence into larger droplets since segregation of 
surfactants to the oil-water interfaces could decrease interfacial energy and provide repulsive 
steric or electrostatic force necessitated for retaining droplet stability.  
Inter-zwitterion electrostatic interactions between the quaternary ammonium and 
sulfonate groups of polySBMA limit its solubility in pure water, while addition of >10 mM salt 
screens these interactions and promotes its aqueous solubility.5, 17 Motivated by these salt-
dependent solution properties, we sought to prepare oil-in-water droplets with polySBMA and 
its functional variants having pendent alkene and alkyne group described in section 2.2. In 
collaboration with Dr. Rachel Letteri, a former member in the Emrick group and the Hayward 
group, the interfacial properties of substituted polySBMA were investigated. In 2010, Dr. Letteri 
discovered a new salt-responsive emulsion droplet system by employing polySBMA as the 
surfactant for stabilizing oil-water interfaces, where oils could be various water-immiscible 
organic solvents including dichloromethane, benzene, chloroform, toluene, 1,2,4-
trichlorobenzene. For example, shaking a vial containing polySBMA (1 mg/mL in water, 1 mL) 
and 1,2,4-trichlorobenzene (TCB, 0.2 mL) afforded oil-in-water droplets of 50-100 micron 
diameter that are stable for days.  The optical micrograph (Figure 2.4a) and photographs of the 
polySBMA stabilized emulsion droplets (Figure 2.4b) show that addition of NaCl(aq) (1 M, 0.1 mL) 
to the droplets leads to coalescence of the emulsion within 1h. A control experiment shows that 
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droplets stabilized by polySBMA remained stable after addition of pure water (0.1 mL), 
precluding the contributions of slight changes in polymer concentration and oil-to-water ratio 
(i.e., dilution effect upon addition of salt water). 
 
Figure 2.4 Schematic representation of oil-in-water droplets stabilized by polySBMA in pure 
water, and their disruption by addition of salt; (b) Photographs of TCB-in-water droplets 
stabilized by polySBMA, allyl-SB-50, alkyne-SB-50, and butenyl-13 in water and in 100 mM 
NaCl(aq); (c) Mean equilibrium interfacial tension (γeq) measured by pendant drop tensiometry 
at 1 mg/mL. Error bars represent the standard deviation of at least three independent 
measurements. Blue bars indicate that droplets coalesced upon addition of 100 mM NaCl(aq); 
red bars indicate droplet stability at this salt concentration. 
Experiments to test the effect of salt on emulsion disruption revealed a significant 
dependence on the location of functionality in the polymer. Copolymers allyl-SB and alkyne-SB 
containing as much as 50 mole % of functional zwitterionic methacrylates retained the salt-
responsive properties of polySBMA emulsions.  In contrast, droplets stabilized by butenyl-13, a 
copolymer of polySBMA with just 13 mole percent n-butenyl methacrylate, showed no such salt-
responsiveness. Figure 2.4b shows that TCB-in-water droplets stabilized by allyl-SB-50 and 
alkyne-SB-50 coalesced in 0.1 M NaCl(aq), whereas those stabilized by butenyl-13 exhibited no 
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change upon addition of salt water. We note that droplets stabilized by polySBMA coalesce 
within 1 h, while droplets stabilized by allyl-SB-50 and alkyne-SB-50 do not significantly coalesce 
until at least 3 h after salt addition. Thus, while copolymerization with the hydrophobic n-
butenyl methacrylate strongly impact interfacial properties, attaching the alkene and alkyne 
groups directly to the zwitterionic moiety, as in these novel polymer structures, allows 
incorporation of a significant amount of functionality (up to 50 mole %) without impeding the 
salt-responsive behavior inherent to sulfobetaine methacrylate polymers. 
The equilibrium interfacial tension (γeq) of TCB and water in the presence of the polymer 
zwitterions was measured by pendant drop tensiometry (Figure 2.4c) to gauge their affinity for 
the oil-water interface (lower values corresponding to stronger affinity for the interface). TCB-
water interfacial tension was reduced slightly (from 43 to 39 mN/m) by polySBMA, while allyl-
SB-50, alkyne-SB-50, and butenyl-13, with the added hydrophobic character, gave lower γeq 
values of 32, 31, and 26 mN/m, respectively. The lower interfacial values of allyl-SB-50 and 
alkyne-SB-50 relative to polySBMA may explain the longer times required for coalescence of 
droplets stabilized by these polymers following salt addition. The observed lack of salt-
responsiveness for droplets stabilized by butenyl-13 is attributed to its much lower interfacial 
tension than the other polymers.  Interestingly, even with less alkene incorporation, the 
interfacial tension provided by butenyl-13 was lower than that by allyl-SBMA-50. This suggests 
that direct attachment of the alkenes to the SB zwitterion may temper their hydrophobicity, 
allowing inclusion of reactive functionality without interrupting the salt responsiveness of the 
zwitterionic groups. We expected that salt-triggered emulsion disruption was the result of 
enhanced solubility of the sulfobetaine polymers in the aqueous phase, and a corresponding 
reduction in interfacial activity.  However, interfacial tension measurements of the polymers at 
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the TCB/water (100 mM NaCl(aq)) interface showed no significant difference from measurements 
in pure water.  
 
Figure 2.5 (a) Schematic showing photo-initiated crosslinking of capsules formed from 
functional sulfobetaine copolymers by irradiation of benzene-in-water droplets at 365 nm for 
2 h. The aqueous phase contains polymer (1 mg/mL, 1 mL) and the benzene phase (0.2 mL) 
contains 2,2’-(ethylenedioxy)diethanethiol (2SH) and 2,2-dimethoxy-2-phenyl acetophenone 
(DMPA) photoinitiator. Following irradiation, droplets were dropcast onto slides to dry prior 
to imaging. Optical micrographs of capsules prepared from (b) allyl-SB-50 using 
[thiol]:[alkene]:[DMPA] = 4:1:0.2, (c) alkyne-SB-50 using [thiol]:[alkyne]:[DMPA] = 0.5:1:0.2, 
(d) butenyl-13 using [thiol]:[ene]:[DMPA] = 9:1:0.8, and (e) polySBMA (no alkene or alkyne 
groups)in the presence of 2SH and DMPA. Scale bars are 100 μm.  
2.4 Fabrication of polymer capsules 
The alkene and alkyne functionality of the novel sulfobetaine methacrylates also 
enabled facile cross-linking by photo-initiated thiol-ene and thiol-yne chemistry at the oil-water 
interface, a useful interfacial cross-linking method reported for example by Cheng and 
coworkers for allyl-substituted lactide.28 We performed interfacial cross-linking on benzene-in-
water droplets, by shaking an aqueous solution of allyl-SB-50 or alkyne-SB-50 (1 mg/mL, 1 mL) 
Benzene 
+ 2SH  
+ DMPA 
a 
b c 
d e 
2SH =  
hν 
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with 0.2 mL of a benzene solution of 2,2-dimethoxy-2-phenylacetophenone (DMPA) as photo-
initiator and 2,2’-(ethylenedioxy)diethanethiol (2SH).  The droplet solutions were irradiated at 
365 nm for 2 h to induce cross-linking, as illustrated in Figure 2.5a. After irradiation, the cross-
linked droplets were cast onto glass slides, dried and imaged by bright field optical microscopy. 
Figures 2.5b and c show images of the cross-linked droplets formed from allyl-SB-50 and alkyne-
SB-50, respectively, revealing capsules of about 30 micron diameter. Optimal molar ratios of 
[thiol]:[alkene or alkyne]:[DMPA] for cross-linking droplets stabilized by allyl-SB-50 and alkyne-
SB-50 were found to be 4:1:0.2 and 0.5:1:0.2, respectively, yet capsules were observed at 
[thiol]:[alkene or alkyne] ratios ranging from 0.5-4. Crosslinking droplets stabilized by butenyl-
13, however, requires higher amounts of 2SH and DMPA ([thiol]:[alkene]:[DMPA] = 8:1:0.8). In 
contrast, similar experiments performed in the absence of cross-linker showed no evidence of 
intact capsules after drying.  Additionally, control experiments where polySBMA-coated droplets 
(i.e., no alkene or alkyne groups) were irradiated in the presence of 2SH and DMPA did not 
produce robust capsules (Figure 2.5e).  Thus, these new functional polySBMA syntheses provide 
ready access to robust capsules by highly efficient cross-linking reactions at the oil-water 
interface, and the covalently crosslinked droplets remained intact even in the presence of salt. 
2.5 Synthesis of bis-sultones 
Bis-sultones are envisioned to enable facile preparation of dimeric conjugates and 
polymeric materials with embedded sulfonates and sulfobetaines owing to their reactivities 
toward alkoxides and amines. Moreover, polyionene-like polymer zwitterions featuring 
zwitterions in the polymer backbones can be prepared by reacting bis-sultones with diamines, 
which could have a significant impact on the polymer zwitterions properties. In addition, bis-
sultones may find application as a novel crosslinkers for amine-rich polymers such as 
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polyDMAEMA and PEI, where their solution properties, bioavailability and biocompatibility can 
be modulated by the relative ratio of bis-sultone-to-amine. 
  
Schemes 2.4 Synthesis of a model bis-sultone 3,3’-(but-2-ene-1,4-diyl)bis(1,2-
oxathiolane 2,2-dioxide) 9 
By using the same strategy to synthesize the α-substituted sultone 1, 1,4-dibromo-2-
butene was used instead of allyl bromide as depicted in Scheme 2.4. 1,3-propanesultone was 
deprotonated with 1.0 equivalence of  n-BuLi in THF (80 mL) at -78°C, follow by quenching with 
a THF solution of (predominately) trans-1,4-bromo-2-butene (0.5 equivalence to 1,3-
propanesultone). The reaction mixture was stirred for 45 min and TLC indicated the absence of 
starting materials. Water was then added, with the crude product extracted with excess ethyl 
acetate. Column chromatography using 1:3 ethyl acetate/hexanes proved effective in removing 
monosultone, however, the unreacted 1,3-propanesultone co-eluted with the target compound. 
Recrystallization from a DCM and hexane mixture gave bis-sultone 9 in 24% yield. While this is 
not an optimized reaction condition, the reaction is scalable and reproducible to provide a 
sufficient amount of bis-sultone 9 for further study. Successful substitution at the α position was 
confirmed, as characterized by 1H NMR spectroscopy, by the decrease in the ratio of integration 
values of the α-proton signal at 3.30 ppm versus γ-CH2 (adjacent to the sultone) at 4.40 ppm; 
the relative integrations of the olefin protons of 9 at 5.73 ppm and the γ-CH2 protons at 4.40 
ppm give a ratio of 1 olefin per 2 sultones, indicative of the bis-sultone structure. The absence of 
residual 1,3-propanesultone was confirmed by the absence of resonances at 4.50 and 3.25 ppm. 
THF, -78  C
-78 C  - 0 C
BuLi
9
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The 13C NMR spectrum revealed 10 carbon resonances corresponding to the presence of trans 
and cis isomers. Since the α-proton is a chiral center, distereoisomer signals were observed in 
the region of 2.22-2.76 ppm, and their assignment was confirmed by two-dimensional 
heteronuclear multiple quantum coherence (2D-HMQC), shown in figure 2.6) that allows for the 
determination of carbon-to-hydrogen connectivity. 
 
Figure 2.6 2D HMQC spectrum of compound 9 
 
Schemes 2.5 Synthesis of polyionene-like polymer zwitterions 10 from bis-sultone 9 
Preliminary A2+B2 polycondensation involving bis-sultone 9 and N,N,N’,N’-tetramethyl-
1,6-hexadiamine at 1:1 molar ratio was carried out in TFE at 70 °C. After 24h, an aliquot of 
a
b
c
d
e
a
b’
ce b, d
d’
TFE 70  C
109
+
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reaction mixture was characterized by TFE GPC, affording zwitterionic polyionene-like polymer 
10 with an estimated Mn of 7.8 kD and Ð of 1.3 using poly(methyl methacrylate) standards.  
Attempt to use other electrophiles shown in Scheme 2.5 failed to give the 
corresponding bis-sultones, presumably due to the poor reactivity of the chloro group.  
Alternatively, bis-sultone 9 can be prepared by ruthenium-mediated cross-metathesis of sultone 
1. The preliminary study using Hoveyda-Grubbs 2nd generation catalyst in dichloromethane at 
0.1 M gave the expected product 9, where NMR spectroscopy showed quantitative 
comsumpsion of the allyl group. 
 
 
 
 
Schemes 2.6 Attempted substitutions of 1,3-propanesultone with various electrophiles 
2.6 Summary and future outlook 
In summary, we have reported the synthesis and interfacial fluid behavior of novel 
alkene- and alkyne-substituted polymeric sulfobetaine methacrylates having functionality 
grafted directly into the zwitterionic subunits. Zwitterionic polySBMA and its functional variants 
segregated to the oil-water interface of oil-in-water emulsion droplets, and exhibited salt-
triggered coalescence. In contrast, polySBMA copolymers with alkene-containing co-monomer 
units that are inherently hydrophobic showed no such salt-responsive behaviour. By leveraging 
the reactivity of the functional sulfobetaine moieties, thiol-ene and thiol-yne crosslinking of 
polymers on droplets provided a route to robust capsules. Integrating complementary reactive 
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pendent groups at the monomer level now offers modular platforms for the preparation of 
multifunctional zwitterionic materials amenable to opportunities in responsive encapsulants, 
coatings, and aqueous solution assemblies. Furthermore, other functional sultones can be 
prepared owing to the simplicity of substitution reaction. We synthesized a novel bis-sultone 
and prepared the first example of zwitterionic polyionene featuring zwitterions in the polymer 
backbones. Alkylation of sultones in the presence of other electrophiles such as aldehydes and 
ketones is anticipated to give access to many functional derivatives that may enable various 
functionalization strategies for preparing functional polymers with tunable properties. 
Meanwhile, reaction conditions can be further optimized to improve the yields of substituted 
sultones. For example, reaction additives (e.g., hexamethylphosphoramide) that are commonly 
employed for solvating lithiated anions and promoting subsequent nucleophilic substitution 
could be evaluated, making substituted sultones more readily available.  
Since diallyl-substituted 1,3-propanesultone could be isolated as a byproduct during the 
synthesis of α-allyl substituted sultone 1, subsequent ring-closing metathesis (RCM) reactions is 
anticipated to give cyclopentene-substituted 1,3-propanesultone in high yields since RCM of 1,6-
heptadienes is known to be efficient when mediated by 2nd generation Hoyeda-Grubbs catalyst 
as the close proximity of the two allyl groups promotes intramolecular metathesis. ROMP of 
sultone-containing cyclopentene could be of interests for future exploration. Poly(cyclopentene) 
with pendent substituent at the 3-position is an ideal platform for making precision ethylene 
copolymer as it allows for placing pendent functional group precisely at every fifth carbon along 
the backbone. However, low ring-strain cyclopentene is a challenging monomer to polymerize at 
room temperature owing to its negative activation parameters (∆H=-5.6 kcal/mol and ∆S=-18.5 
kcal/(mol*K)), which shifts the monomer-polymer equilibrium toward cyclic alkenes. Performing 
polymerization under lower temperatures and higher monomer concentrations have been 
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shown to favor the polymer formation. For instance, Grubbs and coworker reported that 
polymerization of cyclopentene at 0°C gave a conversion of 82% after 2 h with 0.22 mol% 3rd 
generation Grubbs catalyst, while a conversion of 66% was obtained at 20°C and a conversion of 
50% was obtained at 30°C.29 To date, only a few examples of functional cyclopentenes have 
been subjected to ROMP conditions. Tuba demonstrated the feasibility to polymerize 4-
hydroxylcyclopentene, giving model copolymers for ethylene-vinyl alcohol copolymer.30 
Kennemur and coworkers showed that a high conversion of 81% and a GPC-estimated number-
average molecular weight of 151 kDa can be obtained when 4-phenylcyclopentene was 
subjected to polymerization with 0.23 mol% catalyst at -15°C, yielding model copolymer system 
composing of ethylene-styrene.31 Taken together, cyclopentane-substituted sultone could be 
prepared and polymerized using ROMP chemistry. 
 
Schemes 2.7 ROMP of various cyclopentent derivatives: (a), ROMP of 4-phenylcyclopentene, 
(b) ROMP of 4-hydroxylcyclopentene, and (c) proposed synthesis of sultone-containing 
poly(cycloprentene) amendable to polymer reaction with a tertiary amine to give functional 
sulfobetaine-containing polyolefins. 
With 1,3-propanesultone as pendants along the polymer backbones, subsequent ring-
opening of pendent sultone with trimethylamine or other functional amines can lead to various 
sulfobetaine-containing polyolefins with distinct charged density and tailorable functionality. In 
addition, other polymerization techniques such as metallocene-mediated diene polymerization 
could also be explored. 
(a)
(b)
(c)
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CHAPTER 3  
IMPARTING SURFACE HYDROPHILICITY WITH POLYDOPAMINE-POLYMER ZWITTERIONS 
COMPOSITE COATINGS 
3.1 Introduction 
Polymer zwitterions (i.e., sulfobetaine, carboxybetaine and phosphorylcholine) are of 
growing interest as alternatives to neutral synthetic hydrophilic polymers, such as poly(ethylene 
glycol) (PEG) and poly(N-vinyl pyrrollidone) (PVP).1-6 Many polymer zwitterions are extremely 
water soluble and biocompatible, such that even a thin layer can effectively render a surface 
hydrophilic and antifouling.7-8 Immobilization of polymer zwitterions on surfaces has been 
achieved by surface-initiated polymerization,9-11 layer-by-layer assembly,12-14 and solution 
casting of amphiphilic polymer zwitterions.15-17  However, most examples are substrate-specific 
and they often require surface pre-treatment to promote polymer adhesion. Developing a 
novel, universal, aqueous-based coating strategy that gives ultrathin (e.g, <10 nm) hydrophilic 
coatings would dictate surface wettability, while retaining the desired properties of the 
underlying substrate; such approach would be in particularly important and beneficial for those 
surfaces featuring hierarchical (nano)structures and/or porous morphologies. 
Inspired by mussel adhesive proteins that enable robust underwater adhesion to 
numerous substrates, which are difficult for many synthetic adhesives, surface modification with 
dopamine and other catecholamine derivatives has developed into a more universal surface 
modification platform. 18-28 18-28 Catechol-containing structures are thought to undergo oxidative 
polymerization under basic conditions on surfaces, while the reactivity of polydopamine (PDA) 
towards nucleophiles facilitates its use as a primer layer for immobilization of amine or thiol 
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functionalized ad-layers.29-32 Messersmith and others have reported catechol-containing surface 
initiators for controlled radical polymerization of sulfobetaine methacrylate, affording surfaces 
that are resistant to protein and cell adhesion.10, 33-34 Alternatively, polymers with catechol-
functionalized chain-ends enables facile modification of silica, gold and metal oxides by ‘grafting 
to’ approach.35-36 However, depositing catechol-containing hydrophilic polymers onto 
hydrophobic surfaces remains challenging.  In one example, Jiang and coworkers recently 
employed catechol-terminated poly(carboxybetaine methacrylate)s and dopamine to modify 
hydrophobic surfaces, utilizing catechol chain-ends in PDA polymerization, resulting in PDA-
poly(carboxybetaine methacrylate) composite coatings that reduce protein fouling.37  
Non-covalent interactions provide a simple and efficient approach to functional surfaces 
and hybrid materials.38-39 PDA can participate in hydrogen bonding, exploited for example by 
Städler in the simultaneous codeposition of PDA and nonionic polymers including PEG, poly(vinyl 
alcohol) and poly(N-isopropylacrylamide) (PNIPAM) on silicon (Si) wafers. 40-42 40-42  The hydrogen 
bonding capabilities of poly(methacryloyloxyethyl phosphorylcholine) (polyMPC)1 led us to 
examine the impact of polyMPC on PDA formation and PDA-polyMPC composite coatings. We 
note that during the course of our work, Xu and coworkers reported simultaneous deposition of 
poly(sulfobetaine methacrylate) (polySBMA) and dopamine on polypropylene microporous 
membranes, and reduced bovine serum albumin and hemoglobin adsorption was confirmed in 
comparison to unmodified and PDA-modified membranes.43  
This chapter describes the simultaneous codeposition of polyMPC and dopamine as a 
one-step, facile method to construct superhydrophilic, antifouling PDA-polyMPC composite 
coatings on a variety of surfaces including Si, glass, polystyrene, and perfluorinated Si.  
Deposition kinetics, surface roughness, surface composition and coating stability were 
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characterized by ellipsometry, atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS) and Fourier transform infrared (FT-IR) spectroscopy. Surfaces coated with 
PDA-polyMPC provided a statistically significant reduction in Escherichia coli (E. coli) attachment 
relative to glass. The PDA-polyMPC modified ultrafiltration membrane was also challenged with 
oil emulsion through a collaboration with chemical engineers at University of Texas-Austin. 
3.2 Evaluating deposition kinetics of PDA-polyMPC composite coatings 
To evaluate the effect of polyMPC on PDA film formation, Si wafers were immersed in a 
dopamine solution (2 mg/mL in 10 mM Tris buffer solution, pH 8.5) containing different 
amounts (from 0-5 mg/mL) of polyMPC (Mn= 15.3 kDa, Đ = 1.2, prepared by RAFT 
polymerization) for a predetermined time (Figure 3.1a). Experiments were conducted in 12-well 
cell culture plates under ambient conditions, open to air, with continuous agitation using an 
orbital shaker at 400 rpm. The substrates were rinsed with deionized water, dried and 
characterized by ellipsometry.  Figure 3.1b shows the kinetics of PDA-polyMPC growth on Si 
wafers as a function of polymer concentrations. Coating thickness increased linearly with 
respect to immersion time, and plateaued at t = 4 h. The amount of deposited coating is 
dependent on the amount of polyMPC added as judged by the film thickness measured by 
ellipsometry. For example, a 2 mg/mL dopamine solution without polyMPC yielded 28.9 ± 0.5 
nm thick coatings at immersion time of 4 h, while, over the same time-frame, a 1 mg/mL 
polyMPC solution caused little change in film thickness.  PolyMPC concentrations of 2, 3.5, and 5 
mg/mL led to coatings of 20.8 ± 2.1, 13.5 ± 0.6 nm, and 10.1 ± 0.6 nm thickness.  
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Figure 3.1 (a) Schematic illustration of PDA-polyMPC composite coatings; (b) coating thickness 
obtained from 0.5 to 4 hours using a 2 mg/mL dopamine concentration and variable polyMPC 
concentration. 
Coating thickness was reduced further, to 5 nm, using 10 mg/mL polyMPC solutions. 
When the polyMPC concentration was kept constant at 2 mg/mL, the coating thickness 
increased with dopamine concentration. Ellipsometry determined that PDA-polyMPC coatings 
with dopamine concentrations of 0.5 and 1 mg/mL had thicknesses of 3.3 ± 0.1 and 16.4 ± 0.6 
nm, respectively. In addition, coating thickness showed no dependence on polyMPC molecular 
weight. Table 3.1 summarizes the coating results obtained with polyMPC of 8.8 and 31.3 kDa. Si 
wafers were immersed in a dopamine solution (2 mg/mL in 10 mM Tris buffer solution, pH 8.5) 
containing 2 or 5 mg/mL of polyMPC for 20h. Notably, control experiments using only MPC 
monomer as the additive, rather than polyMPC, did not change the coating properties relative 
to PDA alone, highlighting the crucial role of polymeric multivalency for promoting robust 
interactions. The brown color of the PDA-coated surfaces results from its melanin-like structure 
and is indicative of successful PDA deposition. PDA and PDA-polyMPC modified glass slides were 
characterized by transmission mode UV-vis spectroscopy to evaluate the influence of polyMPC 
incorporation on coating transmittance. UV-Vis spectroscopy confirmed >80% visible light 
transmission through PDA-polyMPC coated glass slides (Figure 3.2); indeed, PDA-polyMPC 
coated samples are more transparent than PDA coated glass at comparable coating thickness. 
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Table 3.1 Effects of polymer molecular weights and concentrations on PDA-polyMPC 
composite coating thickness prepared in the presence of 2 mg/mL of dopamine in 10 mM Tris 
buffer (pH = 8.5) after 20 h. 
Entry 
Polymer 
concentration 
(mg/mL) 
Mna 
(kDa) 
Ða 
Thickness 
(nm) 
1 10 15.3 1.2 6.6 ± 0.3 
2 5 15.3 1.2 12 ± 0.3 
3 2 15.3 1.2 23 ± 0.2 
4 5 8.8 1.1 9.5 ± 0.2 
5 2 8.8 1.1 24 ± 2 
6 5 31.3 1.2 13 ± 0.4 
7 2 31.3 1.2 22 ± 0.4 
a determined by aqueous GPC relative to poly(ethylene glycol) standards 
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Figure 3.2 (a) UV-vis spectra of unmodified glass, PDA coated glass, and PDA-polyMPC coated 
glass with 2 or 5 mg/mL polyMPC. Photographs of (b) bare glass, (c) PDA coated glass (2 
mg/mL dopamine, 6 h), (d) PDA-polyMPC coated glass (2 mg/mL dopamine, 2 mg/mL 
polyMPC, 6 h), and (e) PDA-polyMPC coated glass (2 mg/mL dopamine, 5 mg/mL polyMPC, 6 
h) 
3.3 Characterization of PDA-polyMPC modified surfaces 
Superhydrophilic surfaces that also exhibit underwater superoleophobicity are 
important for preventing biofouling, mitigating oil adhesion, reducing drag, and enabling oil-
water separation.  Such materials are characterized by very low water contact angles (CA) in air 
(i.e., ≤ 10°), and extreme oil repellency under water (CA> 150°). Controlling surface chemistry 
and morphology are crucial to achieving such extreme wetting properties. While surface 
functionalization provides a means to alter surface energy, roughness further influences 
wetting, described for example by Cassie. 44 44 Oil droplets bead on a hydrophilic surface in water 
due to surface tension, and water associated with the surface comprises a composite interface 
that minimizes surface-oil contact.   
3.3.1 Surface morphology 
The surface morphology of PDA-polyMPC composite coatings on Si wafers was 
characterized by atomic force microscopy (AFM), with images shown in figure 3.3, through a 
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collaboration with Dr. Yinyong Li in the Carter group in the department of polymer science and 
engineering at UMass Amherst. The roughly spherical features observed by AFM represent 
agglomerated PDA expected to result from oxidative polymerization of dopamine. Aggregate 
size is sensitive to dopamine concentration, pH, temperature, and selection of buffer and 
additives.45-48  
 
Figure 3.3 AFM height images of (a-c) PDA-polyMPC modified Si wafers (2 mg/mL dopamine, 2 
mg/mL polyMPC); (d-f) PDA-polyMPC modified Si wafers (2 mg/mL dopamine and 5 mg/mL 
polyMPC) as a function of incubation time; (g) PDA modified Si wafer (2 mg/mL dopamine, 
incubation time = 1 h). Scale bars for a-g = 1 µm; TEM images of aggregates isolated from (h) 
PDA coating solution with 2 mg/mL dopamine, (i) PDA-polyMPC coating solution with 2 
mg/mL polyMPC and 2 mg/mL dopamine, and (j) PDA-polyMPC coating solution with 5 mg/mL 
polyMPC and 2 mg/mL dopamine; Scale bars for h-j = 100 nm  
The presence of large aggregates on PDA-coated wafers is consistent with previous 
reports (Figure 3.3g), where the root mean square roughness (Rrms) of PDA coatings (determined 
by AFM) is on the order of values determined by ellipsometry.28, 45, 49 The PDA-polyMPC 
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aggregates formed in the presence of 5 mg/mL polyMPC were smaller than those obtained using 
2 mg/mL polyMPC, resulting in a smoother surface-adherent coating. Roughness varied with 
concentration: in the formation of 10 nm PDA-polyMPC films, use of 2 mg/mL polyMPC solution 
produced Rrms of 10.8 nm, while the 5 mg/mL polyMPC solution yielded Rrms of 5.8 nm. Unlike 
pure PDA coatings, no visible precipitate was observed during PDA-polyMPC codeposition; 
instead, the stably suspended aggregates were isolated by centrifugation.  Transmission 
electron microscopy (TEM) revealed smaller aggregates as polyMPC concentration increased, in 
agreement with smoother surface morphology obtained for PDA-polyMPC in comparison to 
pure PDA coatings as characterized by AFM (Figure 3.3h-j). Such a size reduction of PDA 
aggregates in the presence of a hydrophilic polymer agrees with light scattering results of Jiang 
and coworkers, in which catechol-terminated poly(carboxybetaine methacrylate) reduced PDA 
aggregate size from 3 microns to < 100 nm.37  
3.3.2 Chemical composition analysis 
The elemental compositions of PDA and composite polyMPC coatings were probed by 
XPS, with representative spectra presented in Figure 3.4.  Successful incorporation of polyMPC 
was confirmed by the characteristic phosphorus P2p signal at 132.7 eV, which is absent in pure 
PDA coatings. Moreover, a broader C1s peak arising from the carbonyls and a quaternary 
ammonium N1s peak at 402.1 eV, unique to PC groups, was observed in the PDA-polyMPC 
composite coatings.  High resolution XPS gave a phosphorus-to-carbon (P/C) ratio of 0.024 (~ 3.8 
dopamines per PC group). The P/C ratio of samples prepared under identical conditions varied 
from 0.022 to 0.027, corresponding to 3.3-4.3 dopamine molecules for every PC group, even at 
larger penetration depths achieved with angle-resolved measurements.  
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The observed incorporation of polyMPC into PDA coatings is presumably promoted by 
interactions between residual catechol and phosphorylcholine. The FT-IR spectra in Figure 3.4e 
confirmed the presence of polyMPC in the composite coatings. Characteristic polyMPC 
absorption includes C=O stretching vibrations at 1720 cm-1, C-O and P-O signals at 1082 cm-1, 
and –N+(CH3)3 at 971 cm-1; PDA C=C stretches and N-H bending vibrations are evident at 1604 
and 1608 cm-1. The P-O-C deformation vibration of polyMPC at 1482 cm-1 shifted to 1492 cm-1 in 
the coating, and new vibronic stretching peaks at 1224 and 1199 cm-1 were assigned to the 
phenolic C-O and P=O groups, respectively.50-52 Importantly, these polyMPC signals remained 
even after extensive rinsing with water. 
 
Figure 3.4 XPS spectra of PDA-polyMPC coated Si wafer: (a) survey scan, and (b-d) high-
resolution C1s, N1s, P2p narrow scans as a function of electron binding energy; FT-IR spectra 
of (e) PDA and PDA-polyMPC coated Si wafers 
3.3.3 Surface wettability 
The wetting behavior of PDA and PDA-polyMPC modified Si wafers was studied in air, 
and under water, by sessile drop CA measurements. PDA and PDA-polyMPC modified Si wafers 
exhibited static water CAs of 46 ± 2° and 13 ± 0.5° (Figure 3.5a-b), respectively. Underwater, a 
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PDA coated Si wafer had a chloroform CA of 148 ± 3º, while a PDA-polyMPC coated Si wafer had 
a CA of 157 ± 2º, well into the superoleophobic range.53   
 
Figure 3.5 Photographs of static water contact angle measurement in air: (a) PDA-coated Si 
wafer and (b) PDA-polyMPC coated Si wafer; (c) Pinning of chloroform on PDA modified 
wafer; Photographs of oil (chloroform) adhesion study with a stage tilt angle of 2° on (d) PDA 
coated Si wafer and (e) PDA-polyMPC coated Si wafer. 
The CA sample stage was inclined at a 2° angle to investigate the impact of surface 
chemistry on oil transport and adhesion properties, using chloroform as the probe oil. 
Photographs of oil droplets rolling off the coated surfaces are shown in Figures 3.5d-e. For PDA, 
an oil (5µL, chloroform) droplet remained spherical in shape upon contacting the PDA-coated 
surface over the first few seconds; the drop rolled down the inclined plane, then became pinned 
to the surface after 5 s, and it remained pinned even at a tilt angle of 60°C (Figure 3.5c). This 
phenomenon is presumably caused by depletion of water at the liquid-solid interface, leading to 
direct contact of oil with the polymer coating. Similar droplet behavior was observed on an 
unmodified silicon wafer. In contrast, immediately upon tilting the PDA-polyMPC coated Si 
wafer, the droplet slid away. The enhanced hydrophilicity of PDA-polyMPC coating minimizes 
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contact between the oil and substrate, allowing facile rolling of the droplet, a result that is 
strongly encouraging for using polyMPC-PDA coatings in applications where mitigating oil 
fouling is crucial. 
3.4 Evaluation of coating stability 
The stability of PDA-polyMPC composite coatings was evaluated by subjecting modified 
Si wafers in aqueous solution at pH values of 1, 4, 7 and 10 for 24 h and 7 days. PDA-polyMPC 
composite coatings showed good stability from pH 4 to 10, with >80% of coating thickness 
retained after 7 days (judged by ellipsometry) (Figure 3.6a). XPS revealed phosphorus and 
quaternary ammonium groups with P/C ratios remaining in the 0.020-0.025 range after 
incubation at pH 4-7 for 7 days, similar to the as-prepared PDA-polyMPC modified substrates. 
PDA and PDA-polyMPC coating thicknesses decreased by 30-40% after incubation at pH 1 for 7 
days, and by 19-24% after 7 days when placed in 0.1M NaCl. However, despite this reduction in 
coating thickness, the substrates retained low water CA values in air (11 ± 3°) suggesting a good 
retention of polyMPC within the composite coatings. To improve coating stability, PDA and PDA-
polyMPC coated wafers were oxidatively crosslinked by immersion in aqueous sodium periodate 
(5 mM) for 12 h. Following this treatment, both PDA and PDA-polyMPC coatings remained intact 
after 7 days (Figure 3.6b), and exhibit essentially no thickness reduction even at pH 1 and in 
0.1M NaCl(aq). Partial coating deterioration was observed only after sonicating the coated 
substrates in water at 35 kHz. For example, a 29 nm PDA coating decreased to 23 nm after 60 
min sonication, while a PDA-polyMPC coating with initial thickness 26 nm decreased to 20, 17.5, 
and 12 nm after 15, 30, and 60 min sonication. Thus, the PDA-polyMPC composite coatings are 
less stable under these conditions than pristine PDA coatings. XPS spectra (Figure 3.6c) revealed 
a loss of polymer coverage, indicated by more intense Si signals from the underlying at longer 
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sonication time. Nonetheless, even under these conditions the P2p signal remains observable in 
all of the sonicated samples, confirming the through-thickness presence of polyMPC in the 
composite coatings. 
 
Figure 3.6  Thickness measurements of (a) PDA-polyMPC on Si wafers; (b) sodium periodate (5 
mM, 12 h) oxidized PDA-polyMPC on Si wafers; (c) XPS spectra of PDA-PolyMPC coated Si 
wafers after sonication after sonication for predetermined time 
The debate over the mechanism of PDA formation and its detailed structure 
notwithstanding,45, 49, 54-58 the incorporation of polyMPC into PDA films during the deposition 
process proved surprisingly simple.  PDA-polyMPC coatings likely benefit from non-covalent 
interactions, as judged by reports on PDA interactions with cations, liposomes, and polymers 
containing hydrogen bonding capacity.40, 42, 59-62 Hydrogen bonding between phenols and 
phospholipids is documented, with the phenols serving as hydrogen bond donors and the 
phosphates as hydrogen bond acceptors. The PDA-polyMPC composites we describe could 
undergo: 1) phenol-phospholipid hydrogen bonding (the phenols serving as donors and 
phosphates as acceptors,63-69 and 2) cation-π interactions between the quaternary  ammoniums 
and the aromatic PDA character. 70 70 Notably, control experiments using only MPC monomer as 
the additive, rather than polyMPC, did not change the coating properties relative to PDA alone, 
highlighting the crucial role of polymeric multivalency for promoting robust interactions. We 
note that dip coating a PDA-coated substrate into a 2 mg/mL buffered solution (pH = 8.5) of 
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polyMPC for 2 h yielded a coating showing a similar FT-IR spectrum and water contact angle 
(10~13°) in air to that of PDA-polyMPC even after extensive rinsing with water. This result 
suggests good polyMPC adhesion to surfaces pre-modified with PDA. XPS analysis gave a P/C 
ratio of 0.08, which is close to the theoretical polyMPC composition. On the contrary, coatings 
obtained after dip-coating with a solution of PEG or MPC monomer did not decrease water CA 
values. This PDA-polyMPC composite coating strategy proved versatile, and it was applied 
successfully to perfluorinated Si wafers (i.e., having a fluorocarbon monolayer). These coated 
surfaces exhibited a dramatic reduction in CA following PDA-polyMPC coating, from 108° to 11° 
(Table 3.2). This simple coating method precludes the need for surface-initiated polymer brush 
growth, and it is anticipated to be highly versatile across a variety of substrate compositions.  
Table 3.2 Coating thickness and contact angles of PDA-polyMPC composite coatings formed on 
tridecafluoro-1,1,2,2-tetrahydroctyl)dimethylsilane treated Si wafer  using 2 mg/mL of 
dopamine and 2 mg/mL of polyMPC 
Entry Coating Time (h) 
Average 
Thickness 
(nm) 
Contact Angles 
Water in air (°) 
1 0 - 108 
2 0.5 5.5 ± 0.5 27.6 ± 5.8 
3 1.5 9.9 ± 0.7 21 ± 0.4 
4 4 17 ± 4 18.1 ± 0.8 
5 6 20 ± 2 12 ± 3 
6 20 23 ± 4 11 ± 2 
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3.6 Resistance against Bacterial Adhesion 
In collaboration with Mr. Kris Kolewe in the laboratory of Prof. Jessica Schiffman in the 
department of chemical engineering at UMass Amherst, PDA and PDA-polyMPC modified glass 
slides were evaluated for their ability to resist the adhesion of the Gram-negative 
microorganism E. coli. Samples were incubated for shorter (2 h) and longer (24 h) time periods 
with 1.0 × 108 cells/mL suspensions of E. coli expressing green fluorescent protein (GFP). As 
shown in Figure 3.7, both PDA and PDA-polyMPC modified surfaces, after 2 h incubation, 
showed significantly lower bacteria attachment relative to the pristine glass. E. coli attachment 
was reduced by 65% for PDA modified surfaces, and 87% for PDA-polyMPC modified surfaces. 
While surfaces modified with PDA only exhibited short-term resistance against E. coli adhesion, 
significant bacterial fouling was seen after 24 h exposure, consistent with literature reports.30, 71 
Additional reports showed PDA-modified membranes to cause a 75% reduction in Pseudomonas 
aeruginosa biofouling over a 2 h period; nonetheless, significant fouling was observed over 
longer time frames when using non-disinfected bacteria-containing water.72-73 In our case, E. coli 
attachment was reduced by only around 13% for PDA modified surfaces relative to the glass 
control after 24 h.  However, PDA-polyMPC modified surfaces exhibited large reductions, >85%, 
in E. coli attachment relative to PDA-modified surfaces and glass controls, a remarkable 
improvement in bacterial fouling resistance.  
To provide a more quantitative picture of E. coli attachment on the surfaces, the 
adhered bacteria density (cells per unit area) was calculated by counting the number of bacteria 
observed from 10 to 15 randomly acquired fluorescent micrographs. The results are summarized 
in Table 3.3. The unmodified glass surface has a E. coli density of 3.1 × 104 and 8.0 × 104 
cells/mm2 after incubation in a E. coli suspension containing 1.00 × 108 cells/mL after 2 and 24h, 
respectively. Similar to the results reported in figure 3.7, after 2 h incubation, a lower bacteria 
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density was observed for PDA and PDA-polyMPC modified surface when compared to the 
unmodified glass surface: PDA modified surfaces displays a E. coli density of 1.1 × 104 cells/mm2 
and PDA-polyMPC modified surfaces displays a E. coli density of 4.1 × 103  cells/mm2. After 24 h 
incubation, PDA modified surfaces showed a comparable extent of fouling relative to the 
unmodified glass surfaces, displaying a E. coli density of 7.7 × 104 cells/mm2 while PDA-polyMPC 
modified surfaces maintained its fouling resistance, exhibiting a E. coli density of 1.1 × 104 
cells/mm2, again confirming PDA-polyMPC modified surfaces is much more fouling resistant than 
PDA-modified surfaces and unmodified glass surfaces after 24 h exposure. 
 
Figure 3.7 Micrographs of E. coli incubated for 2 h on (a) pristine glass, (b) PDA (2 mg/mL 
dopamine) modified glass, and (c) PDA-polyMPC (2 mg/mL dopamine and 5 mg/mL polyMPC) 
modified glass. Normalized E. coli attachment after (d) 2 h and (e) 24 h on glass, PDA and PDA-
polyMPC modified glass slides. Values were normalized to percent coverage on the 
unmodified glass control. Statistical significance was evaluated by one-way ANOVA and the 
Bonferronic post-test. */** denotes statistically significant p value of 0.001 with respect to 
unmodified glass and PDA modified glass, respectively.  
The enhancement in antifouling properties is due to an enhancement in surface 
hydration, which is anticipated to reduce non-specific adsorption of proteins secreted by 
(a) Glass (b) PDA (c) PDA-polyMPC
(d) (e)
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bacteria, thus providing longer-term anti-fouling properties than seen in PDA-only modified 
surfaces. This effect presumably renders PDA-polyMPC modified surfaces too ‘slippery’ for E. 
coli adherence. Of the few reports on polyMPC resistance to bacterial fouling, Ishihara and 
coworkers noted a large reduction in E. coli attachment on polyMPC grafted poly(ether ether 
ketone) after 1 h, though longer incubation times provide more comprehensive analysis.74 
Significantly, the PDA-polyMPC coating maintained its effectiveness against E. coli adhesion even 
after 24 h incubation, thus opening opportunities for this composite coating approach in 
practical applications and systems.  
Table 3.3 Quantification of E. coli attachment (number of cells/image) on unmodified and 
modified glass surfaces after 2 and 24 h incubation in a E. coli suspension (1.00 × 108 cells/mL) 
in M9 minimal media 
Incubation time 
(h) Glass PDA PDA-polyMPC
 
2 120 ± 27 42 ± 14 16 ± 5 
24 314 ± 96 300 ± 91 44 ± 14 
a image area = 3894 μm2 10-15 randomly acquired images per sample with at least 3 parallel 
replicates over separate experimental days 
3.7 Evaluation of PDA-polyMPC modified ultrafiltration membrane against oil fouling 
Membrane-based separation technology is important for treating oily produced water 
from oil and gas production. Ultrafiltration membrane (pore size 10-100nm) proves effective at 
removing emulsified oil droplets and suspended particulates. However, membrane fouling is an 
inevitable challenge as the rejected substances accumulates on the membranes, causing gradual 
decrease in permeance and selectivity overtime due to membrane pore blockage and eventual 
formation of cake layer. While loosely bounded rejected substances can be removed by back-
flushing, air-sparging and chemical cleaning, membrane cleaning processes are time-consuming, 
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energy intensive, and may be disruptive to the production process.75 The membrane modules 
must be replaced when membranes are fouled severely (as such, the transmembrane pressure 
increases rapidly as a consequence of membrane fouling), resulting in an increase in operational 
costs and therefore rendering membrane separation processes less economically feasible. 
Moreover, most of commercial membranes are made of hydrophobic polymers (e.g., 
polysulfone, polyvinylidene difhloride, polypropylene and etc.) that are susceptible to fouling by 
hydrophobic foulants. Imparting surface hydrophilicity by modifying membranes with 
hydrophilic polymers, such as polyelectrolytes and poly(ethylene glycol), is anticipated to delay 
the onset of severe membrane fouling since surface hydration is central to reduce solute-
surface hydrophobic interactions and further reduce irreversible adsorption of solutes on 
membranes. Reductions in surface charge and surface roughness were also shown to enhance 
fouling resistance and improve membrane performance.76  
To date, numerous modification strategies have been developed to improve membrane 
hydrophilicity, including examples of physisorption of amphiphilic polymers,77-78 layer-by-layer 
deposition, chemical vapor deposition,79 UV- or plasma-induced surface-initiated grafting 
polymerization of hydrophilic monomers.80-83 While these modified membranes display 
promising antifouling properties under laboratory-scale conditions, most of these approaches 
suffer from stability, uniformity and difficulty to scale up.  Mussel-inspired polydopamine (PDA) 
coating, due to its extraordinary ability to form conformal coverage on virtually any surfaces, 
has been exploited as a universal method to improve surface hydrophilicity.18, 28 Dopamine and 
other catechoamines undergo spontaneous oxidative polymerization when dissolve in a slightly 
alkaline solution, yielding a hydrophilic coating that is rich in hydroxyl and amine groups. The 
Freeman group have reported a series of detailed investigations on the effects of deposition 
conditions (i.e., dopamine concentration, coating time and partial pressure of oxygen 
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necessitated for polydopamine formation) on the membrane fouling resistance; PD-modified 
ultrafiltration (UF), reverse osmosis (RO) and nanofiltration (NF) membranes prove to be more 
fouling resistant than the unmodified membranes when challenged by oily water emulsion.46, 84-
87 The improvement in membrane hydrophilicity and reduction in pore size distributions. 
However, PDA-modified surfaces are known to be rough due to deposition of solution-formed 
PDA aggregates.  Kratz and Revanur et al. from the Emrick group have demonstrated 
physisorption of polyolefins-graft-PEG and polyolefins-graft-PC on membrane can indeed 
improve fouling resistance by enhancing surface hydrophilicity.88-89 To this end, we rationalized 
that incorporating polymer zwitterions, polyMPC, into surface coating by taking the advantage 
of ‘stickiness’ featured by PDA coating could afford a composite coating that is more hydrophilic 
than pristine PD coating,90 which, in turns, improves membrane fouling resistance against oil 
emulsion. 
Commercially available flat-sheet polysulfone (PS20 and PS10, the number refers to 
molecular weight cutoff value (e.g., MWCO of PS-20 = 20kDa) specified by the manufacturer 
Spectro. Inc. Oceanside, CA) ultrafiltration (UF) membranes were modified with PDA/MPC 
composite coating using a one-step solution coating process; the fouling behaviors of 
membranes were evaluated by constant flux crossflow filtration experiments in Prof. Benny 
Freeman’s laboratory at the University of Texas Austin. The unmodified, PDA modified and PDA-
polyMPC modified PS20 membranes were subjected to constant flux fouling using a 1500 ppm 
soybean oil-in-water emulsion (9:1 weight ratio of soybean oil:OFX-0193 surfactant, produced 
by blending the oil, water, and surfactant at 20,00 rpm for 3 minutes to afford a milky-white 
emulsion that remains stable for hours), and the transmembrane pressure (TMP) was monitored 
as a function of time while the permeate flux was fixed. To ensure same amount of foulants are 
brought to the membrane surfaces, membrane with similar permeance were chosen for 
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evaluation. PS10 was chosen because it has a similar permeance relative to the modified 
membranes in the range of 600 LMH/bar. The pure water permeance was measured by dead 
end filtration cells operating at 2.1 barg (30 psi) on circular membrane samples (4.3 cm in 
diameter), and a total of 25 samples cut from the membrane were evaluated. The hydrophilicity 
of membrane was determined by captive n-dodecane bubble method; a lower contact value 
corresponds to a more hydrophilic surface. Since membrane permeance can be modulated by 
controlling the thickness of deposited PDA and PDA-polyMPC on the surface by adjusting 
reagent concentration (i.e., dopamine and MPC) and immersion time, two PDA-polyMPC 
modification conditions were employed to elucidate the effect of deposition condition on 
membrane properties.  Both modification conditions gave PDA-polyMPC modified membranes 
with improved hydrophilicity as evidenced by the lower underwater n-dodecane contact angles 
(around 21°), while modification with PDA exhibited a similar contact angle relative to the 
unmodified membrane (around 35°). We note that the lower contact angle of 36° exhibited by 
unmodified PS10 is presumably due to the presence of hydrophilic additives. The key membrane 
characteristics of unmodified and modified membranes are summarized in Table 3.4.  
Table 3.4 Summary of membrane characteristics (modification conditions, pure water 
permeance, contact angles, and threshold fluxes) 
 
Fields and coworkers have established that the rate of membrane fouling will increase 
rapidly when the constant flux experiment is operating at a flux above the threshold flux, 
Type polyMPC
[g/L]
PDA
[g/L]
Time
[h]
Permeance
[LMH/bar]
Contact 
Angle [ᵒ]
Jthreshold
[LMH]
PS10 -- -- -- 570±70 36±2 67
PDA -- 4 1.5 630±110 34±9 54
PDA-polyMPC 2 0.8 4 680 ± 80 22± 0.3 74
PDA-polyMPC 2 5 0.5 620 ± 140 20± 1 83
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determination of threshold flux can provide additional insights on the membranes’ fouling 
propensity. Membrane-based separation process is typically operated below the threshold flux 
as specified by manufactures in order to maintain a stable operation so as to maintain a 
constant TMP a fixed flux value. Flux stepping experiment was performed with a 1500 ppm 
soybean oil-in-water emulsion feed on at least 3 membranes with similar permeance to obtain 
the most representative threshold flux, and the TMP was monitored as a function of flux to 
determine the onset of TMP increase as a severe membrane fouling. PDA-polyMPC modified 
membranes resulted in improvement of threshold flux (i.e., 74 and 83 LMH depending on the 
modification condition used), whereas the unmodified PS10 with a very similar permeance 
exhibited a threshold flux of 67 LMH. The increase in threshold flux suggested that the PDA-
polyMPC modified membrane can be operated sustainably at a comparable or a slightly higher 
flux than the unmodified PS10 membrane, without leading to catastrophic TMP increase in 
which requiring the experiment to be terminated as the TMP reaches to a value close to the 
gauge feed pressure (2.1 barg). The PDA modified membranes gave a lower threshold flux of 54 
LMH, which agrees with the previous report by Kasemset et al. that a higher dopamine 
concentration and/or a longer modification time can lead to a significant reduction in 
membrane permeance and threshold flux as the PDA coating layer gets thicker and rougher. 
Furthermore, PS20 membranes modified with 2 g/L polyMPC and 5 g/L dopamine for 0.5 h 
exhibited a higher threshold flux than that modified with 2 g/L polyMPC and 0.8 g/L dopamine 
for 4 h.  
To validate the threshold flux measurement, membranes were evaluated by constant 
flux cross-flow fouling experiments using 1500 ppm soybean oil-in-water emulsion as foulant 
feed at 75 LMH, and the results are shown in Figure 3.8. The TMP was monitored as a function 
of the permeate volume divided by the filtration area (V/A), so that membranes are compared 
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at a similar levels of exposure to foulant. The increase in TMP is indicative of membrane fouling 
since a higher TMP is required to maintain a constant flux as the membrane fouls. The 
unmodified PS10 membrane fouled rapidly, as shown by a rapid increase in TMP, and the 
experiment was stopped at V/A of 1.2 due to severe fouling (i.e., TMP approached the gauge 
feed pressure). The TMP of PDA modified membrane continued rising until V/A of 3.4, and 
approached a plateau at 1.9 bar. In contrast, the TMP profile of the PDA-polyMPC modified 
membranes remained stable at 0.35 bar, with a small increase in TMP during the early stage of 
the experiment (V/A<0.2), which is commonly observed in constant-flux fouling experiment due 
to concentration polarization and initial fouling. 
 
Figure 3.8 Constant flux fouling of unmodified PS-10, PDA modified, and PDA-polyMPC 
modified PS-20 membranes when challenged with a 1500 ppm soybean oil emulsion feed 
performed at 75 LMH. The curves shown are representative of at least three replicates. Feed 
pressure: 2.1 barg and crossflow velocity: 0.18 m/s 
The lower TMP exhibited by PDA-polyMPC modified membranes relative to the unmodified and 
the PDA modified membranes is indicative of lower mass transfer resistance, confirming its 
improved fouling resistance against oil emulsion. The presence of polyMPC in the composite 
coating increases surface hydrophilicity of the modified membrane, which may have facilitated 
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flow-induced foulant removal by effectively reducing foulant-membrane surface interaction 
with the antifouling PC moiety.  
3.8 Summary and future outlook 
In summary, we report a codeposition method that, in one step, affords 
superhydrophilic surfaces using dopamine and polyMPC, thus leveraging non-covalent 
interactions between polydopamine and PC groups. Fine-tuning of coating thickness and 
roughness was achieved by adjusting polymer concentration and coating time. Codeposited 
PDA-polyMPC composite coatings were stable from pH 4 to 10, and they exhibited even greater 
pH and salt stability following oxidative crosslinking. The enhanced hydrophilicity offered by 
polyMPC produces underwater oil repellency, reflected in a chloroform CA of >150° for the 
composite coating.  The PDA-polyMPC composite coatings are much more hydrophilic than PDA 
coatings, and thus less prone to bacterial fouling, exhibiting a nearly 10 fold reduction in E. coli 
attachment relative to PDA modified surfaces even after 24 h, whereas PDA modified surfaces 
exhibited significant bacterial fouling, essentially equivalent to that of the glass control. The 
substrate-independent nature of the PDA coating enables facile surface modification without 
tedious surface pretreatment, and offers a robust template for codeposition of polyMPC to 
enhance biocompatibility, hydrophilicity and fouling resistance.  
Preliminary constant flux fouling experiments against oil emulsion suggested PDA-
polyMPC composite coating could significantly improve fouling resistance of commercial UF 
membranes. The unmodified and PDA modified membranes exhibited a higher transmembrane 
pressure than PDA-polyMPC modified membrane due to membrane fouling. The threshold 
fluxes of PDA-polyMPC modified membranes are higher than that of unmodified and PDA 
modified membranes, enabling the cross-flow filtration modules to operate at a higher flux. 
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Future studies will include optimizing PDA-polyMPC deposition conditions as well as correlating 
membrane performance to membrane morphology (e.g., surface roughness, pore size 
distribution). Codeposition with other zwitterionic polymers as well as the use of dopamine 
alternatives (e.g., pyrogallol, plant derived polyphenols) are both promising directions for 
developing new coating strategy that incorporates biomimetic antifouling functionality and 
provides control over coating thickness and surface properties. In addition, novel monomers 
containing adhesive and antifouling moieties can be synthesized and evaluated using the 
techniques and assays described in this chapter.  
 
Schemes 3.1 Synthesis of acetonide protected PC-catechol 11 and deprotection to afford PC-
catechol 12 
To test this hypothesis, preliminary experiments were performed to see if PC and 
catechol can be integrated that allows for deposition of antifouling coatings. Scheme 3.1 shows 
the synthetic scheme of PC-catechol. Acetonide-protected PC-catechol 11 was synthesized from 
3-(2,2-dimethylbenzo[d][1,3]dioxo-5-yl)propan-1-ol, rationalizing that the catechol group can 
impart adhesive property to the non-fouling PC-containing small molecules. 11 was isolated as a 
white power in >90% yield (on a multi-gram scale) that readily precipitated from the reaction 
mixture upon cooling. The appearance of characteristic PC signals in the 1H NMR spectra of 11 at 
4.1, 3.8, 3.5 ppm (CH2 adjacent to the phosphate and the ammonium) and 3.0 ppm 
(trimethylammonium CH3) confirmed the presence of PC moieties. A single phosphorus signal 
observed at -0.22 ppm in the 31P NMR spectrum is indicative the purity of 11. The acetonide 
1M HCl
1. 
THF, TEA
2.. 
Acetonitrile, Δ
11 12
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group was removed by dissolving 11 in a 1M HCl aqueous solution to afford PC-catechol 12 as a 
tacky oil in nearly quantitative yield follow by lyophilization. The absence of acetonide peak at 
121.0 and 24.6 ppm in the 13C NMR spectrum of 12 confirmed complete removal of acetonides. 
We note that PC-catechol 12 can suppress the melting point of water such that the frozen 
sample placed on the lyophilizer could become a liquid within a few hours, leading to excessive 
bubbling and the loss of product to the freeze-dryer chamber. Dilution of reaction mixture 
obtained after deprotection with water proved effective to obtain PC-catechol in quantitative 
yield. The attempt to remove acetonide using a mixture of trifluoroacetic acid and methanol 
(0.125:1 v/v) did not result in successful acetonide deprotection.  
 
Figure 3.9 (a) coating thickness obtained on si wafer using a 5 mM PC-catechol (12) solution 
and variable dopamine concentration after 48h; (b) coating thickness obtained from 0.5 to 6 
hours using a 5 mM PC-catechol(12) and 5 mM dopamine solution 
Direct deposition of PC-catechol 12 on Si wafer was attempted by incubating an oxygen 
plasma-cleaned Si wafer in a Tris solution containing 2 g/L of 12 for 48h. However, PC-catechol 
was unable to deposit on Si wafer and polysulfone. Addition of 1,3-proanediamine or PEI at 2 
g/L, which was shown to promote deposition of catechol, failed to produce surface-adherent 
PC-catechol coatings.  Fortunately, codeposition with dopamine gave a composite coating 
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containing polydopamine and PC-catechol 12. XPS unambiguously revealed the presence of PC-
catechol with the appearance of P2p peaks at 132.7 eV. The total concentration of catechols (i.e, 
dopamine and PC-catechol 12) was kept at 10 mM and the dopamine-to-12 ratio was varied to 
examine the effect of dopamine on coating thickness. The coating thickness was found to 
correlate with dopamine-to-12 ratio, with coating thickness decreases as the concentration of 
PC-catechol 12 increases. The film thickness was monitored as a function of time for the 
deposition experiment with 5 mM of 12 and 5 mM of dopamine. Despite this result is not 
directly comparable to the codeposition kinetics obtained for dopamine and polyMPC owing to 
the differences in the initial dopamine concentration, nonetheless, the amount of deposited 
materials can be controlled by deposition time and dopamine-to-12 ratio, which in turn allowing 
for fine-tuning of developing new coating strategy to impart surface hydrophilicity and fouling-
resistance against oil emulsion and microorganisms. 
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CHAPTER 4  
FUNCTIONAL ZWTTIERIONIC POLYOELFINS FOR INTERFACES 
4.1 Introduction 
Functional microcapsules that are capable of encapsulating and releasing materials in 
response to external stimuli have received tremendous attention in the past decade owing to 
their potential applications in cosmetics, drug delivery, tissue engineering and self-healing 
materials.1-4 Polymers can be employed as the stabilizing layer for microcapsule owing to their 
tunable amphiphilicity provided by polymer backbones and the pendent groups. For instance, 
self-assemblies of amphiphilic block copolymer (i.e., polymersomes) that features surface 
functionality at the periphery of self-assembled structures in solution have been intensively 
studied to create cell-mimicking synthetic material systems.5-6 Inspired by the complex functions 
of biology, such as endocytosis (i.e., internalization of molecules), exocytosis (i.e., release of 
protein to extracellular environment by secretory vesicles), and apoptosis (i.e, destruction of 
self-assembled structures), microcapsules made of highly functional polymers are of interests 
for enabling, or at least in part mimicking these functionalities. However, these functions are far 
too complex for straightforward adaption to synthetic material systems. Fortunately, Balazs and 
coworkers have assessed such processes theoretically, showing for example that lipid vesicles in 
an imposed flow can recognize, pick up, and even drop off particulate material by leveraging 
various interactions between particles and roaming lipid vesicles7  
This chapter describes the efforts in preparing polyolefin-based polymer zwitterions by 
metathesis polymerization for imparting functionality to oil-in-water emulsion droplets. Figure 
4.1 shows two different types of polymer backbones generated by metathesis polymerization 
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using Grubbs catalyst from substituted cyclooctenes and 1,6-heptadiynes. The ability functional 
polymer-stablized droplet to interact with amine-functionalized nanoparticles and 
hydroxyapatite nanoparticles were realized by copolymerization with substituted cyclooctenes. 
On the other hand, polymer zwitterions featuring conjugated polyacetylene-like backbone was 
synthesized by metathesis cyclopolymerization, which proves to effective in reducing metal 
work function and improving bulk heterojunction solar cell efficiency.   
 
Figure 4.1 Tunable polyolefin backbone prepared by ruthenium-catalyzed metathesis 
polymerization of functional cyclooctene and 1,6-heptadiyne derivatives 
4.2 Functional oil-in-water droplet stabilized by PC-polyolefin based surfactants 
Ring-opening metathesis polymerization (ROMP) of PC-COE with functional cis-
cyclooctenens provides a robust synthetic platform for integrating various functional groups into 
PC-polyolefins owing to the functional group tolerance featured by the Grubbs catalyst. Scheme 
4.1 details the synthetic pathways to the materials used in this work. Copolymerization of PC-
COE with hydrophobic co-monomer proves effective to further improve the oil-in-water droplet 
stability of PC-polyolefins. Phenyl ester functionalized cyclooctene 14 was synthesized by N,N’-
dicyclohexylcarbodiimide (DCC)-mediated coupling of carboxylic acid functionalized cyclooctene 
in 84% yield after column chromatography. The appearance of phenyl protons at 7.37, 7.23 and 
7.06 ppm in the 1H NMR spectrum of 14 confirmed the formation of phenyl ester. 
Copolymerization of 14 with PC-COE was carried out at a monomer-to-initiator ratio of 100 with 
GIII
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25 mol% loading of 14 in a 1:1 (v/v) dichloromethane (DCM) and 2,2,2-trifluoroethanol (TFE) 
mixture to afford polymer 15 in 57% yield after dialysis and lyophilization. Aqueous gel 
permeation chromatography (GPC) gave a Mn of 4.7 kDa and Ð of 1.66 relative to poly(ethylene 
glycol) standards, which is much lower than the anticipated molecular weight based on the 
monomer-to-initiator ratio used. We note that aqueous GPC underestimates molecular weights 
of polymers with hydrophobic co-monomers, due to the smaller hydrodynamic size in water. 
Characterization of PC-polyolefins with hydrophobic comonmers with TFE GPC with poly(methyl 
methacrylate) standards gave a more reasonable estimation of polymer molecular weight, with 
a number-averaged molecular weight Mn of 37.9 kDa and Ð of 1.90. In collaboration with Dr. 
Ying Bai, polymer 15 was utilized to generate robust capsules that allow for stable encapsulation 
of amine- and epoxy-functionalized silica nanoparticles (NPs) for the realization of ‘repair-and-
go’ on poly(dimethyl siloxane) (PDMS) elastomer-based substrates, whereas droplets stabilized 
by PC-COE homopolymer coalesced during the course of experiment. Successful deposition of 
encapsulated NPs into the damaged regions (i.e., cracks) enabled the recovery of substrate 
stiffness, as characterized by dynamic mechanical analysis.8  
Copolymerization of PC-COE with PFP functionalized cyclooctene 17 afforded PFP 
functionalized PC-polyolefins 18, which was first synthesized by Dr. Katrina Kratz in the Emrick 
group for protein conjugation.9 Owing to the facile reactivity of PFP ester towards amines, we 
recognized that PFP functionalized PC-polyolefins 18 was suitable for preparing reactive oil-in-
water droplets. Both polymer 15 and 18 exhibited significant reduction in interfacial tension as 
characterized by pendant drop tensiometry, which reduced 1,2,4-trichlorobenzen (TCB)/water 
interface tension from 45 mN/m to 10 mN/m in the presence of polymer 15 and 18.  In 
collaboration with Dr. Irem Kosif, we demonstrated droplets stabilized by PC-polyolefins 18 
were capable of picking up amine-functionalized silica NPs, while droplets stabilized by polymer 
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15 failed to pick up silica particles from the substrate.10 Amidation with the amine-rich NPs 
proves critical for successful pickup. Selective pickup experiment was performed to demonstrate 
the importance of having amine functionality on the NPs; droplets stabilized by polymer 18 
failed to pick up silica NPs that lack of amine functionality when droplets were traversed over 
substrates containing amine-functionalized silica NPs and silica NPs with Si-OH periphery. We 
also found that polystyrene NPs could be internalized by TCB droplets stabilized by PC-
polyolefins with and without PFP functionality due to the solubility of polystyrene in 1,2,4-
trichlorobezne. The use of perfluorodecalin, a non-solvent for polystyrene, prevented 
internalization of polystyrene nanoparticles. In this case, only droplets featuring reactive PFP 
groups were able to remove amine-functionalized nanoparticles from the substrates. 
 
Schemes 4.1 Synthesis of phenyl ester functionalized cyclooctene 14 by carbodiimide-
mediated coupling reaction with carboxylic acid functionalized cyclooctene 13; 
copolymerization to afford poly[(PC-COE)-co-(Ph-COE)] 15 and poly[(PC-COE)-co-(PFP-COE)] 18 
using 3rd generation Grubbs catalyst 16 
Inspired by osteocalsts that are capable for bone digestion and debris engulfment,11-12 
PC-polyolefins with catechol functionality was designed and synthesized, envisioning catechol 
PC-COE
15
copolymerization
17
14
16
18
DCC, DMAP
DCM 25 C13
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functionalized droplets could be useful for picking up calcium-rich hydroxyapatite NPs. Catechols 
were chosen for their known affinity for calcium and potential to adhere to HA NPs. 13 
Adaptation of catechols to synthetic systems is inspired by their role in underwater adhesion in 
mussel foot proteins, which has been exploited in polymeric adhesives for tissue, bone, and 
teeth.14-15  Chirdon et al. noted the work of adhesion of catechol on hydroxyapatite surfaces to 
be ~ 88 mJ/m2, greater than that observed for short alkyl chain carboxylic acids, amines, and 
alcohols.16 Since catechol groups are prone to interfere with olefin metathesis chemistry, 
preventing direct copolymerization of PC-COE with catechol functionalized cyclooctene.17 
Catechol functionalized PC-polyolefins 19 was synthesized by reacting PFP-functionalized PC-
polyolefins 18 with dopamine. 
 
Schemes 4.2 Synthesis of catechol functionalized PC-polyolefins 19 by reacting poly[(PC-COE)-
co-(PFP-COE)] 18 with dopamine  
 Fourier transform infrared (FT-IR) spectroscopy showed that the PFPE carbonyl stretch 
at 1782 cm-1 disappeared, and a new amide carbonyl stretch at 1641 cm-1 corresponded to 
successful amidation. 13C NMR spectroscopy showed the carbonbyl resonances shifted from 
173.3 ppm to 178.4 ppm, suggesting quantitative conversion of PFPE to amide. 1H NMR 
spectroscopy confirmed the integrity of the catechol functionality from the characteristic 
resonances at 6.67 and 6.48 ppm. By integrating the CH2 proton signal adjacent to the catechol 
groups at 2.60 ppm against the polymer backbone olefin signals at 5.37 ppm, catechol 
H2O
18 19
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incorporation was estimated to be 40 mole percen. TFE GPC showed an increase in the 
estimated number-average molecular weight from 50.1 kDa to 70.6 kDa, while the 
polydispersity values remained nearly unchanged, suggesting the absence of catechol-mediated 
oxidative crosslinking. The increase in molecular weight was unexpected since catechol 
functionalized PC-polyolefin 19 should have a similar molecular to the PFP-functionalized PC-
polyolefins 18. Solvent-polymer interaction is known to dictate the size of polymer chains, we 
speculated that catechol functionalized PC-polyolefin 19 exhibited smaller hydrodynamic radii in 
comparison to the parent polymer 18 due to intramolecular interaction.  Importantly, the 
presence of catechols along the PC-polyolefin backbone did not interrupt their surfactant 
properties: polymer 19 was found to effectively stabilize oil-in-water droplets, with pendant 
drop tensiometry measurements giving interfacial tension values of ~ 12.5 mN/m at the 1,2,4-
tricholorobenzene/water interface.  Such surfactant character assured the suitability of these 
polymers for stabilizing oil-in-water emulsions and testing the NP pickup concept.  Polymer-
stabilized oil-in-water emulsion droplets were generated by shaking an aqueous solution of 
polymer 15 or 19 (10 mL, 2 mg/mL) with TCB (0.5 mL). This simple preparation afforded droplets 
of 100-300 microns in diameter.  In collaboration with Dr. Ying Bai, hydroxyapatite NPs pickup 
experiments were performed. We found that droplets stabilized by catechol functionalized PC-
polyolefins 19 proved effective in picking up hydroxyapatite NPs, while non-functional droplets 
stabilized by polymer 15 failed to pick up hydroxyapatite, confirming the necessity of having 
functionality on the droplets to enable droplet-NP interactions.  
4.2 Novel PC-polyolefins with polyacteylene-like backbone  
Numerous metathesis polymerization methods have been developed and categorized 
base on monomer used. Specific examples include ROMP18, acyclic diene metathesis chemistry 
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(ADMET)19, ene-yne metathesis polymerization20-22, and metathesis cyclopolymerization23, giving 
the access to various polymer backbones that could not be obtained by radical polymerization of 
vinyl monomers. Herein, we report a novel zwitterionic polyacetylene (ZIPA) platform that 
hinges on facile ruthenium-alkylidene catalyzed cyclopolymerization of zwitterionic 1,6-
heptadiyne derivatives, giving rise to a new class of conjugated polymer zwitterions (CPZs).  CPZs 
proved effective in reducing metal work functions, and promoting charge transports when 
present at the interfaces between the active layers and electrodes, allowing for their 
applications as organic interlayers.24-26 Since CPZs provide orthogonal solubility to the solvent 
used for active layer processing (e.g., chlorinated solvents), integration of CPZs into multilayer 
organic electronic devices have emerged as a powerful strategy to improve device efficiency. To 
date, most CPZs employ sulfobetaine (SB) as pendent groups. To the best of our knowledge, 
there is only one example that integrated phosphorylcholine (PC) into poly(3,4-
ethylenedioxythiophene) by electropolymerization onto a glassy carbon electrode, with no prior 
example of PC-substituted polyacetylene. We are interested in whether PC groups can provide 
water solubility, and if the PC can also effectively reduce metal work functions like other SB-
substituted CPZs despite its structural difference in comparison to SB in term of dipole 
orientation. 
Polyacetylenes (PA), a classic conjugated polymer family containing -(C=C)-repeat units 
in the backbone, exhibit numerous interesting photophysical and electronic properties, 
however, their applications in electronic materials is hindered by the lack of solubility and 
instability toward oxidation.27-28 Transition metal mediated cyclopolymerization of 1,6-
heptadiynes has been regarded as one of the most powerful strategies to produce substituted 
PA.29 Cyclopolymerization of 1,6-heptadiynes can lead to the formation of five or six-membered 
rings or a mixture of both (Scheme 4.3a) depending on the catalyst used, which dictates the 
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insertion mechanism of monomers during propagation. Choi and coworkers recently reported 
several examples of functional PAs from 1,6-heptadiyne derivatives using 3rd generation Grubbs 
ruthenium-alkylidene catalyst (GIII, 16), which gives exclusively five-membered rings in the 
polymer backbones, offering high conjugation length and coplanarity.30-33 
 
Schemes 4.3 (a) Possible microstructures resulted from metathesis cyclopolymerization of 1,6-
heptadiynes. (b) Synthetic routes to PC-substituted 1,6-heptadiyne 22 and SB-substituted 1,6-
heptadiyne 25  
Zwitterionic poly(1,6-heptadiyne)s bearing pendant PC and SB groups were synthesized 
from the novel zwtterionic 1,6-heptadiynes shown in Scheme 4.3b. PC-substituted  1,6-
heptadiyne 22 was synthesized by reacting 4-hydroxymethyl-1,6-heptadiyne 20 with ethylene 
chlorophosphate followed by ring-opening reaction with trimethylamine in anhydrous 
acetonitrile to afford 22 as a white solid in 94% yield. High resolution mass spectrometry gives a 
m/z of 288.1353 (calculated for C13H22NO4P [M+H]+ 288.1359 ). SB-substituted 25 was prepared 
(a)
Et3N
THF MeCN, 70 C
22
Et3N
THF
25
Et3N
THF
MeCN, 70 C
(b)
20
2423
21
 89 
by ring-opening of 1,3-propanesultone with the tertiary amine precursor 24, which was 
obtained from dimethylamine substitution of mesylated 4-hydroxymethyl-1,6-heptadiyne 23. 
High resolution mass spectral data of 25 gives a m/z of 272.1331 (calculated for C13H21NO3S 
[M+H]+ 272.1315). These reactions are easily scalable to produce monomers in multi-gram 
quantity.  
Polymerization of 22 and 25 was carried out in 1:1 (v/v) ratio of tetrahydrofuran 
(THF)/2,2,2-trifluoroethanol (TFE) at various monomer-to-catalyst ([M]0/[Ru]0) ratios, with 3-
bromopyridine substituted 3rd generation Grubbs catalyst, affording zwitterionic polyacetylene 
ZIPA-PC 26 and ZIPA-SB 27. Monomer conversion was difficult to determine due to ill-defined, 
overlapping signals from monomers and polymers. ZIPAs were precipitated into acetone 
followed by dialysis against water (MWCO=1k) for 2 days prior to lyophilization. Typically, the 
final yield is 50-60% assuming a full monomer conversion. We note the precipitation of ZIPA-SB 
27 during dialysis. The poor solubility in pure water is possibly due to the strong electrostatic 
interactions between sulfonate and ammonium groups, as reported for other SB substituted 
polymers.34-36 Indeed, addition of sodium bromide to an aqueous suspension of polymer 27 
leads to polymer 27 dissolution as the salt screens inter- and intra-molecular associations 
among SB groups. Polymer 27 is only soluble in fluorinated alcohols such as TFE and 
hexafluoroisopropanol. ZIPA-PC 26 exhibits solubilities in a broader selection of solvents, which 
is soluble in water, methanol, ethanol, and isopropanol. Polymer molecular weights were 
estimated by TFE gel permeation chromatography (GPC) in the range of 11 to 28 kDa as 
summarized in Table 4.1.  
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Table 4.1 Representative data for homopolymerization of 22 and 25 to afford zwitterionic 
polyacetylene 26 and 27 
 
 
a Estimated by GPC eluting in TFE relative to PMMA standards;b Polymerization with 20 mol% 
3,6-dichloropyridine relative to GIII. 
The molecular weight displayed dependence on the initial monomer-to-catalyst ratio, 
however, the dispersity values are large (>1.4), implying a non-living polymerization behavior. 
This is presumably due to slower initiation rate relative to propagation rate. In an attempt to 
prepare ZIPAs with narrow polymer dispersity, we explored cyclopolymerization of 22 and 25 in 
the presence of 3,6-dichloropyridine with dichloromethane (DCM)/TFE co-solvents mixtures, the 
22
25
ZIPA-PC, 26
ZIPA-SB, 27
16
16
Entry Monomer [M]0:[Ru]0 
Mn, theo 
(kDa) 
Mna 
(kDa) 
Ða 
1 22 25 7.2 17.8 1.2 
2 22 50 14.4 31.0 2.0 
3b 22 50 14.4 35.3 1.6 
4 22 100 28.7 44.8 1.8 
5 25 25 6.8 11.0 1.4 
6 25 50 13.6 18.3 1.4 
7b 25 50 13.6 12.3 1.5 
8 25 100 27.1 26.5 1.4 
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coordinating character of pyridine is anticipated to promote the formation of dormant catalyst 
species and reduce the rate of propagation.33 However, these conditions did not result in 
substantial narrowing in polymer dispersities.  
13C NMR spectroscopy was employed to elucidate the microstructures of ZIPA-PC 26 and 
ZIPA-SB 27. Figure 4.2a presents 1H NMR spectrum of 26 recorded in MeOD-d4. The appearance 
of two well-defined olefin signals at 140.5 and 124.4 ppm confirmed exclusive formation of five-
membered ring as the repeat units in ZIPA-PC 26, which is in good agreement with the literature 
precedents.30, 37 The resonances correspond to PC side groups were observed at 70.3, 67.4, 60.5, 
and 54.7 ppm. NMR experiments of 27 were carried out in TFE-d6 due to its poor solubility in 
MeOD-d4 and 0.5M NaCl in D2O. As anticipated, characteristic resonances of 5-membered ring 
were observed at 139.6, 72.3, 41.1, 33.5 ppm despite the residual TFE signal overwhelmed the 
resolution of 13C NMR spectra. Figure 4.2b shows overlay of ZIPA-PC and ZIPA-SB spectra 
recorded in TFE-d6, noting both 26 and 27 feature an olefin resonance at 140 ppm while the 
other olefin resonance at approximately 125 ppm overlapped with the residual TFE signal. The 
downfield shift of carbon 5 of ZIPA-SB 26 relative to that of ZIPA-PC 26 indicates an electron-
withdrawing effect of the quaternary ammonium group. The other resonances correspond to 
the SB side groups are identified. A representative GPC trace of ZIPA is shown in Figure 4.2c, 
where a mono-modal distribution was observed for every polymer sample prepared during the 
course of this study. 
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Figure 4.2 (a) 13C NMR spectrum of 26 recorded in MeOD-d4; (b) overlay of 13C NMR spectra of 
26 and 27 recorded in TFE-d3; (c) representative GPC trace of polymer 26 
In collaboration with Dr. Hsin-Wei Wang, a former student in the Emrick and the Russell 
group, self-assembly behaviors and optoelectronic properties of ZIPAs were investigated. 
Addition of isopropanol to a TFE solution of 27 resulted in the formation of nanoscale 
aggregates and nanoribbons as characterized by transmission electron microscopy and atomic 
force microscopy. In contrast, polymer 26 failed to self-assemble into nanostructures under 
identical condition since ZIPA-PC 26 is soluble in isopropanol. The UV-vis absorption spectra 
shown in Figure 4.3 illustrate the optoelectronic properties of ZIPA-PC in water, methanol and 
TFE. ZIPA-PC 26 exhibited solvatochromism, as demonstrated by the UV spectra shown in Figure 
4.3a; evidently, the aqueous solution of 26 is purple while the TFE solution of 26 is red. 
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Figure 4.3 UV/vis absorption spectra of (a) ZIPA-PC 26 in water, methanol and TFE; (b) freshly 
prepared and aged ZIPA-PC 26 in TFE in saturated sodium bromide solution and TFE; (c) ZIPA-
PC 26 with variable amount of TFA 
Doping experiments of ZIPA-PC 26 were conducted by adding trifluoroacetic acid (TFA) 
to a solution of PA-PC in TFE. A new absorption band in the near IR region of 700-1500 nm with 
disappearing of the interband transition at 500-600 nm is consistent with typical p-doped 
polyacetylene absorptions,38 where uniform bond lengths were formed due to the delocalized 
cation on the backbone in close association with the acceptor trifluoroacetate ions. From the 
long wavelength absorption onset of UV-vis spectra collected in TFE (Figure 4.4), the band gap 
energies (Eg) of PA-SB and PA-PC were determined to be 2.0 eV, in accord to the reported values 
for other poly(1,6-heptadiyne)s featuring alkyl substituents synthesized by cyclopolymerization. 
The lack of difference between the Eg values of 26 and 27 is presumably due to tethered 
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zwitterions being too far from the conjugated backbone to influence the optoelectronic 
property of conjugated backbone. From the UV-vis spectra of 26 and 27 thin films, the Eg values 
of PA-SB and PA-PC were determined to be 1.8 eV. The effects of having ZIPAs at the metal 
electrode interfaces was probed by ultraviolet photoelectron spectroscopy, which allows for 
direct determination of metal work function. Both 26 and 27 exhibited reduction in the silver 
work function by 1.1 eV despite the differences in the zwitterions present along the backbone 
and their dipole directions. In contrast, phenyl substituted PAs only exhibited a modest 
reduction in work function (0.5eV).  
 
Figure 4.4 UV/vis absorption spectra of ZIPA-PC 26 and ZIPA-SB 27 in TFE and as thin films 
Integration of CPZs into optoelectronic devices has been shown to improve device 
performance of due to their facile polarity and interfacial properties at the metal electrode 
interfaces. Under optimized conditions, the photo conversion efficiency of organic solar cell 
based on PTB7-Ph and PC71BM with silver electrode increased from 3.43% to 9.2% in the 
presence of polymer 26, and to 8.0 % in the presence of polymer 27. A thin (around 5 nm) and 
uniform ZIPA coating was found critical for realizing the utility of ZIPAs in organic electronics. Dr. 
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Wang found that pre-treatment of active layer with 2-methoxyethanol ensue better coating and 
adhesion of ZIPA-based interlayers. 
4.3 Summary and outlook 
This chapter describes the efforts in synthesizing interfacially active and electronically 
active zwitterionic polyolefins for stabilization of oil-in-water droplets and applications in 
organic solar cells. Grubbs catalyst was employed to polymerize cyclooctene-based monomers 
by ROMP and to polymerize 1,6-heptadiyne-based monomers by metathesis 
cyclopolymerization. Copolymerization of PC-COE with phenyl ester functionalized cyclooctene 
afforded polymer surfactant suitable for stabilizing oil-in-water droplets, which were later used 
for experimental realization of ‘repair-and-go’. Microcapsules stabilized by PC-polyolefins 
demonstrated site-specific delivery of reactive and curable silica nanoparticles into the damaged 
regions, with notable recovery or enhancement in material stiffness after deposition. 
Copolymerization of PC-COE with PFP ester functionalized cyclooctene gave amine-reactive PC-
polyolefins that allow for selective removal of amine-functionalized silica nanoparticles from the 
surface. Reaction of PFP-functionalized PC-polyolefins with dopamine gave catechol 
functionalized PC-polylefins that are capable of picking up hydroxyapatite nanoparticles, while 
retaining its ability to stabilize oil-in-water droplets. Incorporation of other functionalities into 
PC-polyolefins surfactant platform is envisioned to provide novel functional droplets for 
interactions with nanoparticles and droplets with complementary functionalities. 
Metathesis cyclocpolymerization of PC- and SB-substituted 1,6-heptadiynes proves 
effective in producing electronically active polymer zwitterions with conjugated polyacetylene-
like backbones, ZIPAs. The polymer molecular weight can be simply modulated by monomer-to-
initiator ratio owing to its chain-growth mechanism as opposed to step growth polymerizations 
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commonly employed in most of CPZs synthesis. The regioselectivity of metathesis 
cyclopolymerization of 1,6-heptadiyne-based monomers mediated by 3rd generation Grubbs 
catalyst was confirmed using 13C NMR spectroscopy, revealing exclusive 5-membered ring 
formation. ZIPA-PC represents the first example of water-soluble CPZs that utilizes PC to impart 
aqueous solubility, while ZIPA-SB exhibits salt-responsiveness in aqueous solution. Solvent-
driven self-assembling of ZIPA-SB into fibril-like nanostructures was demonstrated by titrating 
isopropanol (a poor solvent) to a solution of ZIPA-SB in TFE, which could be of interests for 
future exploration and exploitation. Preliminary results of utilizing ZIPAs as cathode modifying 
layer for bulk-heterojunction solar cells were promising, both polymer exhibited substantial 
improvement in photo conversion efficiency to 8-9% from 3.4%. Despite ZIPA-PC features 
opposite dipole orientation than SB-substituted CPZs, ZIPA-PC proved effective in reducing 
metal electrode work function to the same extent as ZIPA-SB.  Understanding of the net dipole 
orientation/alignment at interfaces and the fundamental basis of why PC is able to reduce work 
function could be important for designing better interlayer materials. The bandgap of 
polyacetylene may be lowered to improve its intrinsic electronic property by adapting 
alternating donor-acceptor strategy through incorporation of electron-withdrawing groups 
directly on the backbone or copolymerization of nitrile-functionalized 1,6-heptadiynes. In 
addition, doping of conjugated polymer zwitterions with n- and p-dopants could be of interests 
for improving hole/electron transport property, where their electrochemical and eletrochromic 
properties can be exploited in the future. 
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CHAPTER 5  
DEGRDABLE POLYOLEFINS 
5.1 Introduction 
The precision synthesis of functional polyolefins is augmented by recent developments 
in ring-opening metathesis polymerization (ROMP) that provide a versatile toolbox for 
constructing functional polyolefins with controllable molecular weights and architectures, 
including block copolymers. Introducing pendent functionality to polyolefins allows fine-tuning 
of polymer properties (i.e., melting temperatures, wettability, etc.) and broadens potential 
applications over conventional commodity polymers. 1-3  The incorporation of (bio)degradable 
units into the polyolefin backbone enables control over molecular weight, mechanical 
properties, and degradation kinetics, whereas conventional all-carbon polyolefins (polyethylene, 
polypropylene) resist degradation under normal circumstances.4-7 
Disulfide-containing polymers offer covalent and dynamic properties, and the potential 
for bond cleavage or exchange in response to chemical stimulus.8 Reversible disulfide formation 
is useful in bioconjugation and the design of self-healing materials.9-11 Disulfides (e.g., cysteine 
dimers) are central to protein folding and stabilization of tertiary structures, while disulfide-
containing polymers have been synthesized by several methods, including 1) condensation of 
dihalides with dithiolates;12-13 2) polycondensation using disulfide containing monomers;14-15 3) 
oxidative coupling of α,ω-dithiols;16-17 18and 4) radical polymerization of disulfide containing 
monomers. 19-20 
Disulfide-containing polymers synthesized by chain growth mechanisms are generally 
limited to those containing pendant disulfides, where the disulfides enable cross-linking (i.e., of 
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star polymers,21 micelles,22 branched polymers23 and gels24). These structures degrade to the 
original polymer upon reduction. Incorporation of disulfides into a polymer backbone provides a 
convenient route to tunable levels of degradation. For example, Matyjaszewski reported a 
disulfide-containing initiator that embeds one disulfide unit in a polymer chain, enabling 
degradation to half of the original molecular weight.16 Hawker demonstrated radical 
copolymerization of a disulfide containing cyclic allylic sulfide, incorporating up to 10 mole 
percent of the cyclic monomer.25 The preparation of linear polymers with higher disulfide 
content remains challenging, as do general routes to insert disulfides into polyolefins.26  Here we 
describe an alternative strategy for incorporating a tunable degree of disulfide into the 
backbone of ROMP polymers, utilizing disulfide monomer 28 that places the disulfides directly 
into the backbone rather than pendent to it.  This chemistry benefits from the functional group 
tolerance of ROMP catalysts, which has proven versatile, giving for example polyolefins 
containing esters,27 acetals, 28  dithioacetals,29 phosphoramide,30 and bicyclic oxazinones.31   
 
Figure 5.1 Chemical structures of degradable polyolefins synthesized by ROMP 
This chapter describes the polymerization of disulfide-containing cyclooctene, (Z)-
3,4,7,8-tetrahydro-1,2-dithiocine (compound 28 in Scheme 5.2) to afford polyolefins that 
degrade under mild reducing conditions. Cyclic olefin 28 is known, reportedly mimicking the 
vicinal disulfide conformation of peptides;32-33 this molecule has not, to our knowledge, been 
examined in ROMP. We thus tested disulfide 28 in homo- and copolymerizations with cis-
cyclooctenes, finding that 28 can be integrated smoothly into numerous ROMP copolymers 
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(Scheme 5.2). The degradation of the resultant disulfide-containing polyolefin was evaluated in 
the presence of mild reducing agents, such as tri-n-butylphosphine and 1-dodecanethiol. We 
further demonstrated successful terpolymerizations with a phosphoester-containing cyclic olefin 
giving additional novel polymers that exhibit orthogonal degradation. 
5.2 Synthesis of disulfide-containing cyclic olefin monomer 28 
Monomer 28 was prepared from 1,4-cyclohexadiene following a literature procedure 
with slight modification, and isolated as a colorless liquid, stable for months in air as confirmed 
by 1H and 13C NMR spectroscopy.32-33 The detailed synthesis of disulfide monomer 28 is provided 
in chapter 7 (experimental section). Ethyl acetate was found effective in recovering alcohol-
containing precursors. The Mitsunobu reaction was modified to improve reaction yield. 
 
86% 60%
82% (2 steps)70%97%
28
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Schemes 5.1 Synthesis of monomer 28 via cyclization of dithiol 
5.3 Evaluation of polymerizability 
Unfortunately, attempts to homopolymerize 28 by ROMP were unsuccessful despite 
examining numerous concentrations, catalysts, and solvents. Using the fast-initiating 3-
bromopyridine-substituted 3rd generation Grubbs catalyst (16 as shown in Scheme 5.2), only 
oligomers were obtained, with a 20% monomer conversion. Since cis-cyclooctene is a low ring-
strain monomer (7.4 kCal/mol),34 ring strain reduction is not surprising when two carbon atoms 
are replaced with much bulkier sulfur atoms. In contrast, copolymers from 28 and cis-
cyclooctene 29 formed readily using 16 in dichloromethane (DCM) at [M]/[Ru] of 100.  
 
Schemes 5.2 Copolymerization of disulfide-containing cyclic olefin 28 to afford novel 
degradable polyolefins featuring disulfide in the polymer backbone  
Monomer solutions containing 5-50 mole percent of 28 in DCM were employed, and 
polymerizations were terminated by adding ethyl vinyl ether to the polymerization mixture. 
Monomer conversion was determined from aliquots removed from the reaction mixture, by 
integrating 1H NMR signals of the olefin groups from monomer (5.64 ppm) and polymer (5.36 
ppm). The copolymers were isolated by precipitation into methanol. Monomer 28 could be 
integrated into the polymer structure at substantial mole percents.  Incorporation of 28  was 
determined by comparing the signal intensity of olefinic protons at 5.38 ppm to allylic protons 
from 1 at 2.40 ppm. We note that the peak at 2.65 ppm, attributed to the protons adjacent to 
28 29
16
30
+
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alkene and disulfide (unique to disulfide 1) is not seen in the spectrum of the polymer. 2-D 
heteronuclear multiple quantum coherence (HMQC) NMR revealed correlations between SCH2 
at 39.0 and SCH2 at 2.73 ppm, and between resonances of the allylic carbon at 32.6 and allylic 
protons at 2.34 ppm, confirming the presence of 28 in the polymer structure.  
Table 5.1 summarizes the polymerization results: monomer 1 incorporation in the 
copolymers ranged from 5 to 27 mole percent, with molecular weights between 12 and 34 kDa 
as estimated by gel permeation chromatography (GPC) (eluting in THF with polystyrene 
standards calibration). While the overall monomer conversion decreased with increasing feed 
ratios of 28, disulfide 28 can be integrated into poly(cyclooctene)s of substantial molecular 
weight (~20 kDa) at nearly 20 mole percent incorporation. 
Table  5.1 Statistical copolymerization results of 28 and 29 by Grubbs catalyst 16 in DCM at 
25°C, [M]0:[Ru]0=100 and [M]0 = 1 M a 
Target 28 
(mol %) 
Actual 28b 
(mol %) 
Conversion b 
(%) 
Mnb 
(kDa) 
Ðb 
5 5 >95 25.2 1.6 
10 9 >95 27.6 1.7 
15 12 84 34.1 1.8 
20 14 93 21.7 1.6 
25 15 84 23.5 1.8 
30 18 85 19.8 1.7 
50 27 74 12.1 1.5 
a reaction time 1 h; b determined by 1 H NMR spectroscopy; c Estimated by GPC eluting in 
THF relative to polystyrene standards 
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Molecular weight control over the copolymerization with 10 mole percent of 1 was 
achieved by tuning [M]/[Ru] ratio from 30 to 100; a linear dependence of polymer molecular 
weight up to [M]/[Ru] of 100 was observed, as shown in Figure 5.2. 
 
Figure 5.2 (a) 1HNMR spectrum of 30. The boxed area is a partial spectrum of monomer 28 
(the methylene resonance centered at 2.65 ppm is absent in the polymer product); (b) 
number-average molecular weight (Mn) versus [M]0:[Ru]0 ratio for copolymer 30 synthesized 
at various monomer-to-catalyst ratio with 10 mol% of 28 
We speculated that the discrepancy in incorporation of 28 at lower vs. higher feed ratios 
might be due to disulfide coordination to the ruthenium catalyst.  We thus tested ROMP of 
cyclooctene 29 in the presence of di-n-butyl disulfide using 16 in DCM, in which a strong 
interaction between ruthenium and disulfide could slow propagation, similar to the effect of 
added nitrogen or phosphine ligands on metathesis reactions.35-37 However, we found similar 
reaction time frames, leading to similar molecular weights and monomer conversion, in the 
presence or absence of dibutyl disulfide, suggesting that the disulfide moiety is generally 
compatible with the GIII catalyst.  
Table 5.2 Effect of di-n-butyl disulfide on Statistical copolymerization results of 28 and 29 by 
Grubbs catalyst 16 in DCM at 25°C, [M]0:[Ru]0=100 and [M]0 = 1 M b 
[M]0/[Ru]0 29 disulfide Mnb Ðb 
a
b
c
a
b
c
d e
d
e
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ppm
g
f
f1 g1
f2 g2
28
(a) (b)
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 (mmol) (mmol) (kDa) 
70 0.7 0.3 15.5 1.9 
70 0.7 0 13.3 2.0 
a reaction time 1 h; b Estimated by GPC eluting in THF relative to polystyrene standards 
Copolymerization with 10 mole percent of 28 was also performed at a [M]/[Ru] ratio of 
300 and a [M]0 of 3.3 M to test if polymer with Mn larger than 30 kDa can be obtained. 1H NMR 
showed 7 mole percent of 28 were incorporated and THF GPC (calibrated by polystyrene 
standards) gave a Mn of 123 kDa and Ð of 1.72. Despite the experimental molecular weight was 
much higher than expected, presumably due to faster propagation rate relative to initiation, 
very high molecular weight polymer with reasonable incorporation of 1 can be prepared by 
simply tuning reaction conditions. 
5.3 Copolymerization with functional cyclooctenes 
We next examined the potential for expanding the scope of copolymers obtainable from 
monomer 28, using functional cyclooctenes 31, 33 and 35 (data given in Table 5.3). The 
copolymerization of 28 with 5-hydroxycyclooctene 31 in THF proceeded smoothly, affording 
copolymer 32 with Mn ~14 kDa. Polymerization of 28 with N-Boc-protected amine-
functionalized cyclooctene 33 was carried out in DCM, yielding copolymers 34 with Mn ranging 
from 18-26 kDa, while copolymers of 28 and PFP ester functionalized cyclooctene 35 gave 
viscous oils in the same molecular weight range. Copolymers 34 and 36 were soluble in DMF, 
THF and chlorinated solvents, with good agreement between feed ratio and polymer 
composition for 10 mole percent of 28, with nearly 20 mole percent 28 obtainable in the 
copolymer backbone at feed ratios of 30 mol%. The successful integration of disulfide 28 into 
copolymers was confirmed by the 13C NMR resonance at 38.7 ppm for the carbon adjacent to 
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the sulfur, shifted from 39.4 ppm in the monomer. Multiple olefinic peaks were seen from 125-
133 ppm, corresponding to the expected monomer sequence combinations. 
 
Schemes 5.3 Copolymerization of 28 with functional cyclooctenes to afford degradable 
polyolefins with pendent functionalities 
Table 5.3 Summary copolymerization results of 28 with functional cyclooctene 31, 33 and 35 
by 3rd generation Grubbs catalyst 16 in DCM at 25°C, [M]0:[Ru]0=100 and [M]0 = 1 M a 
Monomer 
Target 28 
(mol %) 
Actual 28 c 
(mol %) 
Conversion c 
(%) 
Mnd 
(kDa) 
Ðd 
31b 10 8 95 14.1 1.8 
31 b 30 18 88 14.4 1.9 
33 10 10 94 25.6 1.8 
33 30 20 77 18.3 1.7 
35 10 12 92 44.5 1.7 
35 30 19 74 33.3 1.6 
a reaction time 1 h; b polymerization was carried out in THF; c determined by 1H NMR 
spectroscopy; d estimated by GPC eluting in THF relative to polystyrene standards 
 
28 31
16
32
+
28
33
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34
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+
 107 
Copolymer 36 was modified with 1-hexylamine and PEG-amine (2 kDa) to afford 
examples of hydrophobic and hydrophilic disulfide containing polyolefins 37 and 38, respectively 
(Scheme 5.4). The PEGylated polyolefins were water soluble, and all the polymer products were 
isolated in good yield and were fully characterized by GPC, NMR and FT-IR spectroscopy. For 
example, upon modification with 1-hexylamine, FT-IR spectra showed the disappearance of C=O 
and C-O stretches from PFP ester and the characteristic amide stretches were observed at 3279 
(N-H), 1638 (C=O) and 1545 (C=O) cm-1. Similarly, carbonyl adjacent to PFP ester at 1781 cm-1 
disappeared completely and the characteristic amide stretches were observed at 1648 and 1540 
cm-1 after modification with PEG-amine. Such backbone modifications demonstrate the 
excellent compatibility of the disulfide functional group with conditions used for activated ester 
substitutions, suggesting a high level of versatility for this platform structure. 
 
Schemes 5.4 Modification of PFP ester functionalized copolymer 36 with 1-hexylamine and 
PEG-amine 
5.4 Polymer Degradation 
Degradation of copolymer 30 in the presence of 5 equivalents of tri-n-butylphosphine 
(n-Bu3P) relative to disulfide was monitored by 1H NMR spectroscopy and GPC. Disulfide 
cleavage was rapid and complete within one hour as judged by complete disappearance of the 
methylene protons adjacent to the disulfide at 2.68 ppm, and the appearance of protons 
adjacent to the thiol at 2.52 ppm (Figure 5.3).  
36
37
38
PEG-NH2
DMF
DMF
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Figure 5.3 1H NMR spectrum of copolymer 30 (18 mol% disulfide) in the presence of 5 
equivalence of tri-n-butylphosphine in CDCl3. Protons adjacent to sulfur shifted from 2.68 ppm 
to 2.52 ppm as disulfide was reduced to thiol. Complete disulfide cleavage was confirmed by 
the disappearance of protons adjacent to disulfide after 1 h. 
End group analysis based on the relative integration ratio of CH2 protons at 2.5 ppm to 
the olefins signal at 5.44 ppm by 1H NMR spectroscopy revealed, on average, 11 and 5.4 
cyclooctene units between disulfide monomer units for copolymer 30 containing 9 and 18 mole 
percent of 28, respectively, which correlates closely to the post-degradation Mn values of 2.8 
kDa and 1.8 kDa characterized by GPC (Figure 5.4a). The NMR and GPC characterization of the 
polymers, before and after degradation, suggest a random distribution of monomers in the 
ROMP polymer backbones.  A free radical degradation mechanism was also demonstrated using 
copolymer 30 by irradiating a chloroform solution of polymer at 365 nm for 20 minutes in the 
presence of 2 equivalents (relative to disulfide) of 2,2-dimethoxy-2-phenylacetophenone.  A 
decrease in polymer molecular weight from 27.6 kDa to 5.2 kDa was observed. In the absence of 
photoinitiator, irradiation led to no change in copolymer molecular weight. 
Equilibrium thiol-disulfide exchange also led to successful polymer degradation, for 
example treating copolymer 30 with 1-dodecanethiol in chloroform. The crude mixture was 
analyzed by GPC directly to avoid complications caused by dithiol oxidative coupling - GPC 
30 (0min)
30 (5min)
30 (1h)
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analysis showed a reduction of copolymer molecular weight from 19.8 to 9.2 kDa when using 
two equivalents of 1-dodecanethiol relative to disulfides; addition of 20 equivalents of 1-
dodecanethiol further reduced copolymer molecular weight to 3.3 kDa (Figure 5.4b). 
 
Figure 5.4 GPC traces of (a) copolymer 30 (9 mol% disulfide) and the corresponding 
degradation products obtained following reaction with tri-n-butylphosphine or 
photogenerated radicals; (b) copolymer 30 (18 mol% disulfide) and its degradation products 
from reaction with 1-dodecanethiol. 
5.5 Orthogonally degradable terpolymer  
Having established the utility of disulfide 28 in ROMP, we examined the feasibility of 
ROMP for obtaining polyolefins with both disulfides and phosphoesters in the backbone 
(Scheme 5.5), which would give new polymers with orthogonal degradation pathways.  
Phosphoester 39 was synthesized by condensation of cis-2-butene-1,4-diol with phenyl 
dichlorophosphate in 90% yield. We note that phosphoesters have been introduced into 
polyolefins by acyclic diene metathesis polymerization,38 and during the course of our work by 
ROMP.39 We found phosphoester 39 easily inserted into polycyclooctenes at 6 mole percent (in 
experiments using 10 mole percent of 39), giving copolymers 40 with Mn of 16.6 kDa and Ð of 
1.6. However, it was difficult to incorporate a higher amount of phosphoester 39 than 10 mol% 
by copolymerization, presumably due to its low ring strain; copolymer 40 with 9 mol% of 
phosphoester 39 was obtained in the presence of 20 or 30 mol% of 39.  
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Schemes 5.5 Copolymerization of phosphoester 39 to afford hydrolyzable cyclic olefin 40 and 
terpolymerization to afford orthogonally degradable 41 
Polymer 41, a terpolymer of 28, 39 and 41, was prepared in DCM using 3rd generation 
Grubbs catalyst 16, with successful incorporation of all of the monomers, judged by 1H NMR 
spectroscopy from signals for the protons adjacent to the phosphoester (4.47-4.87 ppm) and 
disulfide (2.71 ppm) (Figure 5.5).  
 
Figure 5.5 1H NMR spectrum of copolymer 41 
 
The terpolymerization results obtained by varying [M]0/[Ru]0 ratios, monomer 
concentration and co-monomer stoichiometry are summarized in Table 5.4. Conversion was 
difficult to approximate due to overlapping monomer and polymer resonances, however, 
28
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terpolymers were isolated in >60% yield, suggesting reasonable conversion.For instance, 8 mole 
percent of disulfide 28 and 6 mole percent of phosphoester 39 were incorporated at [M]0/[Ru]0 
= 50 when 10 mole percent of each co-monomer was targeted.  Increasing the co-monomer 
loading to 15 mol% resulted in only a slight increase in overall incorporation of degradable units 
(Table 3, entries 2 and 3), and gave lower molecular weights. Higher molecular weight polymers 
were also prepared readily from [M]0/[Ru]0 = 200, with initial [M] of 2 M, giving terpolymer 41 
with 4 mole percent of each co-monomer, Mn of 43.5 kDa and Ð of 1.7 (Table 5.4, Entry 4). 
Table 5.4 Terpolymerization of 28, 29 and 39 in by 3rd generation Grubbs catalyst 15 in DCM at 
25°C a 
Entry 
Target 28 
(mol %) 
Target 39  
(mol %) 
Actual 28 e 
(mol %) 
Actual 39 e 
(mol %) 
Mnf 
(kDa) 
Ð f 
1a 10 10 8 6 14.1 1.8 
2b 10 10 4 3 14.4 1.9 
3c 15 15 6 4.5 25.6 1.8 
4d 30 20 4 4 18.3 1.7 
a reaction time 2 h; b [M]0/[Ru]0 = 50, [M]0 = 1M; c [M]0/[Ru]0 = 100, [M]0 = 1M; d 
[M]0/[Ru]0 = 200, [M]0 = 2M; e determined by 1H NMR spectroscopy; f estimated by GPC eluting in 
THF relative to polystyrene standards 
Integration of both phosphoesters and disulfides into a common polymer backbone 
enables the implementation of orthogonal degradation strategies. Treating 41 (Table 5.4, entry 
4 with sodium methoxide for one hour reduced GPC-derived number averaged molecular weight 
from 43.5 kDa to 17.8 kDa – this occurred by reaction at the phosphoester, as 1H NMR 
spectroscopy confirmed the disulfide to be intact. Subsequent addition of n-Bu3P led to further 
molecular weight reduction, to 6.8 kDa, by disulfide cleavage (Figure 5.6a). Reaction of P6 with 
n-Bu3P alone reduced Mn to 20.2 kDa, in good agreement with estimated DP based on 
incorporated disulfide units. Under identical conditions, copolymer 30 containing only disulfide 
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units, did not degrade under basic conditions, while phosphoesters containing 40 did not 
degrade in the presence of n-Bu3P as shown by the minimal change in molecular weights (Figure 
5.6b). 
 
Figure 5.6 GPC traces of (a) P6 and its degradation products after reactions with sodium 
methoxide and n-Bu3P; (b) P1 (X=H) and P5, before and after reaction with sodium methoxide 
and n-Bu3P, respectively 
5.4 Influence of disulfide group on metathesis 
Coordination of sulfur to transition metals, such as ruthenium, may be problematic 
when attempting metathesis chemistry with sulfur-containing compounds.  Indeed, we could 
not find literature precedent for ROMP of disulfide-containing monomers, making the inability 
of disulfide 28 to homopolymerize unsurprising. Nonetheless, the fact that copolymers form 
readily with 28 shows that propagation can compete with competitive S-Ru 
chelation/degradation. Literature precedent involving ruthenium benzylidene catalysts with 
disulfides includes successful ring-closing reactions of disulfide-containing dienes, especially 
allylic systems.40-41 We speculate that coordination of disulfide groups is more pronounced when 
the disulfide is present within a cyclic olefin, due to the ease of forming five and six-membered 
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ruthenium-containing rings during propagation (Figure 6), which may then lead to catalyst 
decomposition. 
  
Figure 5.7 Proposed disulfide-catalyst interactions  
Information about the identity of the ruthenium alkylidene metathesis structures was 
obtained by 1H NMR spectroscopy. When 20 equivalents of disulfide 28 was mixed with GIII-Py 
(as shown in Figure 5.8) in CD2Cl2, the solution changed from light green to dark brown, and new 
ruthenium alkylidene signals appeared at 17.7 ppm. However, only a fraction of the benzylidene 
was converted to alkylidene after 30 minutes, in contrast to its typical fast initiation. The 
formation of new ruthenium species was suggested by the appearance of several peaks from 15-
20 ppm. Two thioether derivatives, 6-thiodec-1-ene (42) and 5-thionon-1-ene (43) were likewise 
treated with 5 mol% GIII-py in CD2Cl2. For 42, the Ru-benzylidene resonance disappeared within 
5 minutes, and the corresponding alkylidene appeared at 19.0 ppm, similar to the propagating 
ruthenium alkylidene derived from cyclooctene (Figure 7). For 43, the ruthenium alkylidene 
shifted upfield to 17.5 ppm due to sulfur chelation, in agreement with a report by Grubbs on 
ruthenium 2-(tert-butylthio)benzylidene (17.5 ppm),42 and Lemcoff and coworkers for 
ruthenium 2-(methylthio)benzylidene (17.0 ppm).43 We attribute the ruthenium alkylidene peak 
at 17.7 ppm to the possible formation of a 5-membered chelated ruthenium alkylidene. 
The impact of alkene structure on catalyst lifetime was also investigated by 1H NMR 
spectroscopy. The catalyst 16 remained intact in the presence of 42 after 15 hours, but the 
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ruthenium alkylidenes derived from 43 and 28 disappeared. The control experiment with dibutyl 
disulfide showed the presence of ruthenium benzylidene after aging.  Taken together, the data 
indicates that S-Ru interactions are enhanced by the proximity effect of the sulfur to the metal 
center possibly through a 5-membered ring formation, which may prevent incorporation of high 
levels 28 into the polymer backbone.  Evidently, the success of using disulfide monomer 28 in 
copolymerization walks a fine line between catalyst turnover and stability. 
 
Figure 5.8 1HNMR spectra of alkenes with 5 mol% pyridine-substituted 3rd generation Grubbs 
catalyst (GIII-py) in CD2Cl2  
5.5 Summary and Outlook 
In summary, we have described ROMP chemistry to afford polyolefins containing 
disulfides and phosphoesters in the backbone, and the ability of these copolymers to undergo 
selective and orthogonal degradation.  Neither monomer 28, nor other disulfide-containing 
cyclic olefins, had been incorporated previously into polymers by ROMP. Numerous functional 
polycyclooctenes were obtained as copolymers containing ring-opened 28 in the backbone, 
28
29
43
42
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giving substantial diversity to this polymer platform that holds promise for utility in numerous 
polymeric, plastic, and surfactant applications where the polymer’s stability can be altered by 
selective, on-demand degradation.  
While Grubbs 3rd generation catalyst proves effective in producing polyolefins 
containing up to 27 mole percentage of disulfide, the ability to integrate more disulfide units 
into the polymer backbone remains challenging due to catalyst decomposition during 
polymerization. The could be addressed in the future by attempting copolymerization with other 
newly developed metathesis catalyst featuring enhanced stability, activity and stereoselectivity. 
For example, new Z-selective ruthenium catalysts reported and highly efficient ethenolysis 
catalyst recently developed are of interests to be evaluated. The steric hindrance imposed by 
these ligands could potentially delay catalyst decomposition of those sulfur-chelated ruthenium 
catalysts and allow for incorporating a higher amount of disulfide linkages so that a larger 
change in molecular weight can be achieved upon degradation.  
 
Figure 5.9 Proposed structures of novel monomers to be evaluated 
Alternatively, the hypothetical disulfide containing monomers shown in Figure 5.9 can 
be subjected to ROMP under various condition subject to various ROMP catalysts. By placing 
sulfur atoms strategically in proximity to the alkene, such that the sulfur is only 0 to 1 carbon 
away from the alkene as opposed to 2 carbons, one can anticipate that sulfur-chelation could be 
suppressed since the five-membered chelate was shown to be favorable as described in this 
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chapter. Other degradable groups including phosphoester, dithiolmaleimide, hydrazide could be 
integrated into polyolefins as triggers for on-demand degradation.  
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CHAPTER  6 
 ORTHOGAONALLY FUNCTIONALIZABLE POLYESTERS BY ORGANOCATALYSIS  
6.1 Introduction 
Aliphatic polyesters are recognized for their useful combination of biocompatibility and 
biodegradability, and therefore, present new opportunities in applications ranging from drug 
delivery to implant materials to degradable plastics.1-2 In recent years, aliphatic polyesters have 
become especially interesting when chemical functionality is introduced that distinguishes novel 
structures from conventional forms.  For example, functionalization of aliphatic polyesters can 
afford hydrophilic and water soluble derivatives of conventional poly(lactide) and poly(ε-
caprolactone).3  When pendent functionality is introduced in a controlled manner, synthetic 
handles become available for subsequent attachment of solubilizing groups, drugs, targeting 
groups, and fluorophores. However, as aliphatic polyesters are subject to ester bond 
degradation during chemical transformations, there is a pressing need for efficient reactions 
that proceed effectively but do not cause significant backbone degradation. 
A number of elegant methodologies have been reported to give functional aliphatic 
polyesters. Early on, Jerome,4 Hedrick,5 and others6 prepared several examples, such as through 
Baeyer-Villager oxidation of 2-allyl-cyclohexanone to give an allyl-functionalized ε-caprolactone, 
from which numerous polyester derivatives were prepared.7 Parrish et al.  reported a 
functionalization strategy of polyester via pendent unsaturated carbon bonds, which carries a 
number of benefits including the relatively easy one step monomer synthesis and the ability to 
homopolymerize or copolymerize the acetylene-functionalized lactone.8  Reactions of alkyne-
substituted polyesters with azide-functionalized molecules by the mild copper(I)-catalyzed 
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azide-alkyne cycloaddition (CuAAC) exhibited minimal polymer degradation, giving access to 
efficient attachment of phosphorylcholine (PC) groups, PEG and oligopeptides, and the oncology 
drug camptothecin.9-10  Hawker and coworkers recognized the utility of thiol-ene coupling for 
post-polymerization reactions on alkene-functionalized polyesters,11 while Harth and coworkers 
recently described the conversion of functionalized aliphatic polyesters into cross-linked 
polyester nanoparticles.12 
Traditionally, aliphatic polyesters have been prepared by ring-opening polymerization 
(ROP) of cyclic esters using metal catalysts, such as tin and aluminum salts.  However, recent 
success in catalyst development has uncovered small organic molecules as appealing 
alternatives to metallic catalysts,13 including for example triflylimide,14 4-
(dimethylamino)pyridine,15 N-heterocyclic carbenes,12 and 1,5,7-triazabicyclo[4.4.0]dec-5-ene 
(TBD).16 These compounds catalyze the ROP of lactones and lactides, offering the benefits of fast 
polymerization kinetics and low dispersity (Ð) products in a metal-free environment at ambient 
temperature.  However, to date we are not aware of reports using organic catalysts, such as TBD 
we have chosen for this study, to polymerize functional lactones, though we note they have 
been employed recently to polymerize functional lactides.17-18 
Cooper et al. previously demonstrated the preparation of aliphatic polyester diblock 
copolymers that differentiated click cycloaddition between the two blocks by placing alkyne 
groups on one block, and trimethylsilyl-protected alkyne groups on the other block. A click-
deprotection-click sequence gave a novel set of diblock structures, bearing different pendent 
groups on each block.19  
Here we report a simple route to highly functional polyester-based diblock copolymers, 
with alkyne groups on one block and alkene groups on the other.  These structures are 
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amenable to orthogonal azide-alkyne and thiol-ene coupling, without the need for 
protection/deprotection steps.  While prior work has explored end-group orthogonality of azide-
alkyne and thiol-ene click reactions,11 and orthogonal surface-modification of SiO2 
nanospheres,20 this is the first example of a diblock polyester possessing differentiated blocks by 
exploiting the distinct azide-alkyne and thiol-ene reactions.  Moreover, this work demonstrates 
the ready adaptability of organic catalysis to these functional lactones, further extending their 
utility in polymer synthesis.  In addition, these polyesters gave access to cross-linked 
nanoparticles, using the alkyne-containing block for cross-linking, and leaving the alkene-
containing block for subsequent nanoparticle modification. 
6.2 TBD catalyzed ROP 
Figure 6.1 shows the structures of lactone monomers used in this study, specifically -
valerolactone (VL, 44), α-allyl--valerolactone (AVL, 45), and α-propargyl---valerolactone (PgVL, 
46), TMS-protected PgVL (TMS-PgVL, 47), ε-caprolactone (CL, 48), α-propargyl-ε-caprolactone 
(PgCL, 49), and copolyesters prepared from their polymerization. Functional lactones shown in 
Figure 6.1 were synthesized as reported previously,8, 19, 21-22 and tested in homopolymerization 
reactions using TBD catalysis. The polymerizations were conducted in flame-dried Schlenk flasks, 
using benzyl alcohol as initiator, and a toluene solution of TBD.  The benzyl alcohol/TBD mixture 
was stirred for ~30 minutes, after which monomer was added by syringe and the reaction 
mixture was stirred at room temperature until monomer conversion reached 70-80%, as judged 
by 1H NMR spectroscopy (we note that incubation of the benzyl alcohol/TBD solution was 
required for successful polymerization).  Polymerizations were conducted at 2M monomer 
concentration in toluene, using 2 mole percent TBD relative to monomer, and monomer-to-
initiator ratios ([M]0/[I]0) of 140.  Catalyst loadings of 2 mole percent (relative to monomer) 
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were needed to polymerize each of the alkene and alkyne-functionalized monomers, about 4 
times that needed for unsubstituted α-VL 44 and ε-CL 48.16 The polymer products were isolated 
by precipitation into cold methanol, typically in ~85% yield.   
 
Figure 6.1 Structures of monomers used in TBD-catalyzed ROP and diblock polyester 50, 51, 52 
and random copolyester 53 formed from their polymerization   
Attempts to achieve higher monomer conversion using longer reaction time led to higher Ð 
values, especially for monomer PgVL 46, presumably due to transesterification at depleted 
monomer concentration. Homopolymers formed from the functional lactones 45, 46 and 49 
were colorless oils, whereas homopolymer of TMS-PgVL 47 was an off-white powder; 
incorporation of significant amounts of α-VL and ε-CL as co-monomers gave solid polymer 
products in all cases. The TBD-catalyzed polymerizations of functional lactones (46-47, 49) 
proceeded much more rapidly than analogous polymerizations using Sn(Oct)2-mediated 
catalysis:  TBD gave high monomer conversion in minutes to <2 hours, while the tin-mediated 
polymerizations required 24 hours or more.8, 21-23 
VL
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AVL
45
PgVL
46
TMS-PgVL
47
CL
48
pgCL
49
p(AVL-b-PgVL)
50
p(TMS-PgVL-b-PgVL)
51
p(PgCL-b-AVL)
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p(PgVL-co-VL)
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TBD
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We wanted to investigate the polymerization kinetics of functional monomers 1-4 
relative to conventional (unsubstituted) versions.  Thus, the rates of these TBD-catalyzed 
polymerizations were examined, and are reported in Table 6.1 as apparent rate constant (Kapp) 
values for the monomers.  Aliquots were withdrawn during the course of the polymerization, 
quenched with a benzoic acid solution in CDCl3, and analyzed by 1H NMR spectroscopy.  
Monomer concentrations (conversions) at given time points were determined from the 
methylene proton resonance of the lactone at 4.28 ppm, relative to the same protons in ring-
opened (polymer) product at 4.03 ppm.  
Table 6.1 Measured Kapp for -valerolactone (VL, 44), α-allyl--valerolactone (AVL, 45), and α-
propargyl--valerolactone (PgVL, 46), TMS-protected PgVL (TMS-PgVL, 47), ε-caprolactone (CL, 
48), α-propargyl-ε-caprolactone (PgCL, 49)  for [M]0/[I]0 =140 at 2 mol% TBD relative to 
monomer; [M]0 = 2 M in toluene 
 
 
 
 
 
Rate constants were approximated by first-order kinetics using: ln([M]0/[M]) = kK[TBD]0[ROH]0t 
= Kappt , where [M]0 is the initial concentration of monomer added, [M] is the concentration of 
monomer at time t, k is rate constant of polymerization, K is the equilibrium constant for the 
formation of a TBD/ROH/M complex at zero percent conversion, and [TBD]0 and[ROH]0 are the 
initial concentrations of TBD catalyst and benzyl alcohol initiator added, respectively.   [M]0/[M] 
Monomer Kapp 
VL 44 0.258 
AVL 45 0.0374 
PgVL46 0.274 
TMS-PgVL 47 0.274 
CL 48 0.0064 
PgCL 49  0.0105 
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is equivalent to 1/(1-p), where p represents monomer conversion.  Kapp is obtained from the 
slope of the plot of [ln(1/1-p)] vs. time.   
Among functional VL and CL, allyl-substituted AVL 44 (Kapp 0.037) exhibited the slowest 
polymerization rate, while the other lactones polymerized similarly, with Kapp values 
determined experimentally for VL 45 (0.258) and PgVL 46 (0.274) and TMS-PgVL 47 (0.274).  
Interestingly, all of the substituted -valerolactones polymerized faster than ε-CL using TBD, in 
contrast to that observed with Sn(oct)2-mediated polymerization of the same monomers. Each 
polymerization showed a linear dependence of molecular weight on conversion, as seen in 
Figure 6.2 for PgCL 49, indicative of good control over the ring-opening and chain growth 
process using TBD catalysis in conjunction with these functionalized lactones. 
 
Figure 6.2 Linear increase in number-average molecular weight with monomer conversion in 
the TBD catalyzed polymerization of PgCL 49 
Table 6.2 summarizes polymerization conditions and characterization data for the 
isolated aliphatic polyesters.  Molecular weights derived from 1H NMR spectra of the polymers 
(by end-group analysis) were found to be in close agreement with, or slightly lower than, GPC-
estimated values obtained by eluting in THF (calibrated with polystyrene standards).  End-group 
analysis integrated phenyl protons of the initiator (7.32 ppm) against pendent alkyne (2.05 ppm) 
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or alkene (5.04 and 5.70 ppm) protons.  By allowing the polymerizations to reach ~70-85% 
conversion, homopolymers with molecular weights ranging from 12-15 kDa, with Ð values of 
~1.1-1.2, were obtained, as given in Entries 1-6 of Table 6.2   
Table 6.2 Results of lactone polymerizations with [M]0/[I]0 =140 at 2 mol% TBD relative to 
monomer; [M]0 = 2 M in toluene 
 
TBD-catalyzed polymerization of functional lactones 1-4 also allowed excellent control 
over the formation of copolymers, including diblock copolymer structures.  For example, the 
diblock copolyester p(AVL-b-PgVL) 50, possessing pendent alkene and alkyne groups, was 
prepared by sequential monomer addition. AVL 45 was added to a pre-incubated benzyl 
alcohol/TBD solution and stirred for 40 minutes to reach approximately 80% conversion; PgVL46 
was then added and the mixture was stirred for an additional 20 minutes.  The polymer product 
# Polymer Time (min) Conv. (%) 
Mn, theo 
(kDa) 
Mn, NMR 
(kDa) 
Mn GPC 
(kDa) 
Ða 
1 pAVL 46 85 16.0 15.5 15.3 1.04 
2 pPgVL 15 86 16.6 16.0 14.4 1.12 
3 p(TMS-PgVL) 20 85 25.0 17.4 13.7 1.09 
4 pPgCL 120 88 19.0 8.8 12.0 1.03 
5 pCL 180 76 12.0 11.7 15.0 1.23 
6 pVL 5 71 10.0 11.0 15.5 1.11 
7 p(AVL-b-PgVL) 50  40/20 87 28.7 21.0 29.0 1.03 
8 
p[(TMS-PgVL)-b-PgVL] 
51 
20/20 56 27.0 22.0 19.0 1.07 
9 p(PgCL-b-AVL) 52 90/45 73 14.9 14.8 12.5 1.07 
10 p(PgVL-co-VL) 53 23 85 13.0 8.8 13.1 1.17 
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was isolated by precipitation into cold methanol.  GPC traces of the first block (pAVL) and the 
final diblock copolymer showed clear evidence of chain extension (Figure 3a).  The relative 
monomer composition in the copolymer correlated closely to the feed ratio, as determined by 
1H NMR spectroscopy, integrating alkene (5.04 and 5.70 ppm) and alkyne (2.01 ppm) proton 
resonances against the backbone methylene group adjacent to the oxygen (4.03 ppm) (Figure 
6.4a).  Evidence to support the desired diblock copolymer architecture was given by 13C-NMR 
spectroscopy, which showed two distinct peaks in the carbonyl region at 175.2 ppm (AVL block) 
and 173.8 ppm (PgVL block), whereas the random copolymer p(PgVL-co-VL) 53 showed multiple 
peaks for each of the carbonyl resonances at 173.7 (PgVL) and 172.7 (VL) ppm (Figure 6.4b,c).  
The GPC trace of p(AVL-b-PgVL) was monomodal with low polydispersity (1.03) (Figure 6.3a), 
indicating the ability of TBD to maintain a well-controlled polymerization.  We note some 
instances where a slight low molecular weight shoulder (or molecular weight broadening) was 
observed, indicative of incomplete initiation of the second block (Supporting Information).   
To prepare p[(TMS-PgVL)-b-PgVL] (51), TMS-PgVL was added to an incubated benzyl 
alcohol/TBD solution and stirred for 20 minutes.  PgVL was then added, and the reaction 
mixture was stirred for 20 minutes, and the polymer recovered by precipitation into cold 
methanol.  The relative monomer composition of the isolated diblock copolymer was 
determined by 1H NMR spectroscopy, by integrating the terminal alkyne proton signal (2.01 
ppm) against the backbone methylene (4.03 ppm) and trimethylsilyl (0.11 ppm) protons.  For 
both p(AVL-b-PgVL) and p[(TMS-PgVL)-b-PgVL], diblock polyesters with molecular weights of 20-
30 kDa were obtained with low Ð (~1.2).  Overall, molecular weights determined by GPC in THF 
compared closely with theoretical values, and those derived from NMR spectroscopy end-group 
analysis; the final monomer compositions observed (51/49 for p(AVL-b-PgVL) 50 and 55/45 for 
p[(TMS-PgVL)-b-PgVL]) 51, closely reflected the feed ratios.   
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Figure 6.3 Representative GPC traces of (a) p(AVL-b-PgVL) 50 synthesized by one-pot 
sequential addition of monomers (b) p(AVL-b-PgVL) synthesized by the macroinitiator method 
(c) p(PgCL-b-AVL) 52 synthesized by one-pot sequential addition of monomers. 
The diblock copolymer p(AVL-b-PgVL) was also prepared using a “macrioinitiator” 
method, by isolating the homopolymer of the first block (pAVL) by column chromatography for 
subsequent initiation of PgVL 46.  The pAVL macroinitiator was incubated in solution with TBD 
for 15 minutes, then PgVL 46 was added and the resulting mixture stirred for 20 minutes.  The 
isolated p(AVL-b-PgVL) copolymer 50 showed two distinct peaks in the carbonyl region of the 13C 
NMR spectrum (175.2 and 173.8 ppm), and the molecular weight obtained by GPC in THF (Mn = 
29.0 kDa) matched closely to the theoretical (Mtheo = 28.7 kDa) and NMR (MNMR = 21.0 kDa) 
derived values.  However, the presence of a low molecular weight shoulder in the GPC trace 
(Figure 6.3b) suggests that the one pot sequential addition method (Figure 6.3a) is preferable, at 
least in this case, over the macroinitiator approach.  
The alkyne-functionalized caprolactone PgCL 49 was also used for diblock copolymer 
preparation by one pot sequential addition.  For example, after benzyl alcohol / TBD incubation, 
PgCL 49 was added and stirred for 90 minutes, then AVL was added and the reaction mixture 
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stirred for another 45 minutes.  The final polymer contained 50% AVL, which correlated well 
with the feed ratio, and had a molecular weight of 12.5 kDa (by GPC in THF), closely matching 
the theoretical (14.9 kDa) and NMR-derived (14.8 kDa) molecular weights. The 13C NMR 
spectrum of the final polymer confirmed diblock copolymer formation, showing two distinct 
carbonyl resonances (175.2 ppm for the AVL block and 174.2 ppm for the PgCL block).  The GPC 
trace was monomodal with narrow Ð (1.07) (Figure 6.3c). 
 
Figure 6.4 (a) 1H NMR spectrum of p(AVL-b-PgVL) 50; (carbonyl resonances of the 13C-NMR 
spectra for (b) p(AVL-b-PgVL) 50 and (c) p(PgVL-co-VL) 53. 
Random copolymers from these functionalized lactones were also prepared using TBD 
catalysis.  For example, p(PgVL-co-VL) 53 was prepared by adding PgVL and VL simultaneously to 
an incubated benzyl alcohol/TBD solution, stirring for 20 minutes at room temperature, and 
isolating the copolymer by precipitation into cold methanol.  The feed ratio was reflected in the 
final composition, as observed by 1H NMR (Table 6.2).  1H NMR analysis of aliquots removed 
 
 
                                        
 
 
(b) (c) 
(a) 
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during the course of the polymerization showed that the amount of incorporated PgVL 
remained constant throughout the polymerization, rather than significantly favoring initial 
incorporation of either monomer.  13C NMR spectroscopy suggested the formation of a random 
copolymer structure, with multiple peaks for each carbonyl resonance (centered at 172.7 ppm 
for the PgVL block and 173.7 ppm for the VL block) (Figure 6.4c).  These copolymers, obtained in 
~85% yield, are colorless oils at 50% PgVL content; they appear waxy at lower PgVL 
incorporation (10-30%), and are white solids at low PgVL content where fewer pendent groups 
are available to interrupt polyester solidification/crystallization.   
Successful random copolymerization of VL 44 with PgVL 46 stems from similar 
propagation rates of the two monomers in the presence of TBD.  Since AVL homopolymerization 
proceeds much slower than VL 44 and PgCL 46, we explored the possibility of forming diblock 
polyesters in a simultaneous, one-pot copolymerization of these monomers.  Copolymerization 
of VL 44 with AVL 45, and PgCL 49 with AVL 45, was performed by introducing a 1:1 molar ratio 
of the monomers to a previously incubated benzyl alcohol/TBD solution.  However, random or 
gradient copolymers were obtained, as indicated by the appearance of multiple carbonyl peaks 
in the 13C NMR spectra (as opposed to the two distinct carbonyl resonances in the diblock 
structures).  Monitoring polymer composition during the course of the polymerization, by 1H 
NMR spectroscopy on withdrawn aliquots, suggested a gradient copolymer formation.  Lactones 
with faster apparent rates of homopolymerization (VL, relative to AVL; and AVL, relative to PgCL) 
were incorporated preferentially into the polymer backbone at the early time-frame of the 
polymerization.  Upon depletion of the faster polymerizing monomer, the amount of 
incorporated co-monomer increased until the final observed polymer composition reflected the 
monomer feed ratio. 
 130 
Taken together, the polymerization results described above confirm the capability of 
TBD as an organic catalyst to polymerize lactones carrying functional groups α to the carbonyl 
group, giving homopolymer and copolymer materials efficiently, with little interruption from 
trans-esterification, as indicated by low Ð values (~1.2) obtained up to relatively high monomer 
conversion (~85%).  With these polymers in hand, we then examined the utility of p(AVL-b-PgVL) 
in subsequent modification using CuAAC and thiol-ene reactions. 
6.3 Functionalization of polyesters 
Alkene/alkyne-substituted diblock polyester copolymers also proved useful as 
precursors to highly functional polyesters, using 1) simultaneous (one-step) thiol-ene/yne 
grafting chemistry, and 2) thiol-ene and CuAAC reactions performed in two steps.  Thiol-ene/yne 
functionalization of p(AVL-b-PgVL) 50 provides a mechanism for grafting along the polyester 
backbone to afford polymer structures with twice the grafting density on the alkyne block 
(introducing 2 thiols per alkyne) relative to the alkene block (Scheme 6.1).   To examine 
simultaneous thiol-ene/yne functionalization, p(AVL-b-PgVL) 50 was subjected to thermal thiol-
ene reaction conditions with dodecanethiol (5.0 equivalents relative to total alkene/alkyne) and 
AIBN (0.5 equivalents) in degassed DMF at 80 °C.  After three hours, a high conversion was 
indicated by complete disappearance of both the alkene (5.04 and 5.70 ppm) and alkyne (2.01 
ppm) proton peaks in the 1H NMR spectra, and GPC analysis of the final polymer indicated an 
increase in molecular weight (Mn) (from 13.9 kDa to 22.8 kDa) while narrow Ð values (1.1 -1.3) 
were maintained. 
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Schemes 6.1 Simultaneous thiol-ene/thiol-yne reaction on p(PgCL-b-AVL) to afford polymer 54 
The orthogonality of CuAAC and thiol-ene chemistries was demonstrated for p(PgCL-b-
AVL) 52, using α,ω-PEG-750-monomethyl ether azide (m-PEG750-N3) and dodecanethiol in 
sequential grafting reactions to yield amphiphilic block copolyesters (Figure 8b), with the 
azide/alkyne reaction performed first to prevent the unwanted radical thiol-yne chemistry.  
CuAAC coupling of PEG-azide with the diblock precursor was performed first in a water/THF 
(1:4) mixture using copper(II) sulfate and sodium ascorbate and stirring the reaction for 15 hours 
at 80 °C.  Excess m-PEG750-N3 was removed by dialysis, and trace copper was removed using 
CuprisorbTM, giving the PEGylated polyester as a hygroscopic solid in 90% yield after 
lyopholization. Triazole and PEG protons were observed in the 1H NMR spectrum, and the allyl 
group remained intact as supported by the unchanged integration ratio between the alkene 
protons at 5.04 and 5.70 ppm, and the oxymethylene protons of the polymer backbone was also 
observed at 4.00 ppm.  The disappearance of the terminal alkyne peak at 2.05 ppm indicated 
complete consumption of alkyne.  Furthermore, the 13C NMR spectrum showed the appearance 
of the triazole at 144.94 and 122.70 ppm, as well as the methylene carbons connecting the 
triazole to PEG (69.6 and 50.1 ppm).  An increase in molecular weight (Mn) was observed by GPC 
(from 12.5 kDa to 24.8 kDa), with significant deviation from the theoretical molecular weight of 
56.0 kDa explained by the extensive branching (graft polymer) of the structure.  The Ð value of 
p(AVL-b-PgVL)
50 54
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the final polymer remained low (~1.1) owing to the mild CuAAC conditions that allow 
functionalization in the absence of substantial polyester degradation. 
 
Schemes 6.2 Sequential azide/alkyne and thiol-ene click chemistries orthogonally [p(PgCL-b-
AVL) 52 to afford polymer 55 
Dodecanethiol was then attached to the PEGylated polyester by thiol-ene grafting using 
DMPA as photoinitiator.  PEGylated p(PgCL-b-AVL) was dissolved in a DMF solution containing 
dodecanethiol and DMPA, and the solution was degassed by three freeze-pump-thaw cycles, 
then irradiated at 365 nm for 8 h.  The product was collected by precipitation into cold hexane, 
and obtained as a slightly yellow, waxy solid in 80% yield.   Full alkene conversion was achieved, 
as seen by 1H NMR spectroscopy, noting the disappearance of the vinyl peaks at 5.04 and 5.70 
ppm.  The 13C NMR spectrum further supported the absence of olefin in the product.  The 
originally overlapping carbonyl signals of PEGylated p(PgCL-b-AVL) became two distinct peaks, in 
accord with the block structure deriving from the parent copolyester, and characterization by 
GPC revealed an increase in molecular weight (Mn) (from 24.8 kDa to 29.0 kDa).   
6.4 Summary and future outlook 
In summary, TBD-catalyzed ring-opening polymerization of alkene- and alkyne-
substituted lactone monomers proved useful for the preparation of the corresponding aliphatic 
polyesters in excellent yield and with low polymer dispersity. These highly functional aliphatic 
p(PgCL-b-AVL)
52 55
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polyesters prepared in this way were suitable for post-polymerization modification by 
orthogonal thiol-ene and CuAAC chemistries; cross-linking the polymers by CuAAC to give 
polyester nanoparticulate materials that were amenable to further functionalization by thiol-
ene chemistry.  Functionalities ranging from hydrophilic solublizing groups to fluorescent 
moieties were introduced successfully to the nanoparticles, showing the modular nature of this 
approach.  Taken together, this work opens new routes to functional, biodegradable polyesters 
of interest for tailored delivery and controlled release applications, and that considerably extend 
the tool box of structures available for such applications. Other organic catalysts can be 
employed for ROP of functional lactones so that other combination of monomer pairs 
amendable to random, gradient, and even block copolymerization. Furthermore, lactones with 
bulky substituent can be subjected to organocatalyzed ROP to test their polymerizability. 
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CHAPTER 7 
 EXPERIMENTAL SECTION 
7.1 Materials 
Acetonitrile (anhydrous, 99.8 %), allyl bromide (99 %), 4,4’-azobis(4-cyanovaleric acid) 
(98 %, ACVA), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPDB) (>97 %), 2-
(dimethylamino)ethylmethacrylate (DMAEMA) (98 %), 2,2-dimethoxy-2-phenylacetophenone 
(DMPA) (99 %), 1,3-propanesultone (98 %), methacryloyl chloride (97 %, containing 200 ppm 
monomethyletherhydroquinone), [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (SBMA) (97 %), triethylamine (TEA) (≥ 99 %), 3-buten-1-ol (96 
%), 3-bromopyridine (99%), cis-2-butene-1,4-diol, 1,4-cyclohexadiene (97%), m-
chloropeoxybenzoic acid (≤77%), diisopropylazodicarboxylate (98%), sodium peridoate (≥99.8%), 
sodium borohydride (≥96%), thioacetic acid (96%), triphenylphosphine (99%), cesium fluoride 
(99%), di-tert-butyl dicarbonate (99%), hexylamine (99%), triethylamine (≥99%), trimethyamine 
(anhydrous, ≥99%),  Grubbs second generation catalyst (GII),  pentafluorophenol (PFP), 2,2,2-
trifluoroethanol (TFE), 4-(dimethylamino)pyridine (DMAP), phenyl dichlorophosphate (95%)  
were purchased from Sigma-Aldrich. 3-Bromo-1-trimethylsilyl-1-propyne (98 %), 2,2,2-
trifluoroethanol (TFE) (99+ %), and n-butyllithium (2.5 M in hexanes) were purchased from Alfa 
Aesar. Methylene chloride (CH2Cl2, Optima®) was purchased from Fisher Scientific. 
Spectra/Por®7 dialysis membranes (3.5 kDa MWCO, pretreated RC tubing) and sodium chloride 
were purchased from Fisher Scientific. Deuterated solvents were purchased from Cambridge 
Isotope Laboratories. Allyl bromide, CH2Cl2, and TEA were distilled over CaH2. Tetrahydrofuran 
(THF) was distilled over sodium/benzophenone. All other materials were used as received.  
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The deuterated solvents were purchased from Cambridge Isotope Laboratories. cis-Cyclooctene 
(95%) and dichloromethane (DCM) (≥99.9%) were distilled over CaH2 and degassed by three 
freeze-pump-thaw cycles. THF was distilled over sodium/benzophenone and degassed by three 
freeze-pump-thaw cycles for ruthenium-mediated polymerization. PolyMPC,1 PolySBMA (Mn= 
21.4 kDa, Ð = 1.14) and copolymer with n-butenyl methacrylate2 Phosphorylcholine-substituted 
cyclooctene (PC-COE)3,Carboxylic acid-substituted cyclooctene 15, , (Z)-3,4,7,8-tetrahydro-1,2-
dithiocine (28) 4-5 pentafluophenyl ester substituted cyclooctene (35)6, amino-ω-methoxy-PEG7, 
3-bromopyridine-substituted 3rd generation Grubbs catalyst (GIII) and pyridine-substituted 3rd 
generation Grubbs catalyst (GIII-py)8, α-allyl--valerolactone (AVL, 45)9, and α-propargyl--
valerolactone (PgVL, 46)10, TMS-protected α-propargyl--valerolactone (TMS-PgVL, 47)11, α-
propargyl-ε-caprolactone (PgCL, 49)12 were synthesized according to literature procedures.  
7.2 Instrumentation and characterization methods 
NMR spectra were recorded using a Bruker DPX300 or Bruker Avance400 or Bruker 500 
spectrometer with the solvent proton signal used as a reference point. Gel permeation 
chromatography (GPC) eluting in TFE with 20 mM sodium trifluoroacetate at 40 °C was 
performed on an Agilent 1200 series system equipped with a degasser, an isocratic pump 
operated at 1 mL/min, an autosampler, a Polymer Standards Service (PSS) PFG guard column (8 
x 50 mm), three PSS PFG analytical linear M columns (8 x 300 mm, particle size 7 μm), and a 
refractive index detector. Molecular weights and molecular weight distributions were 
determined relative to PMMA standards. Aqueous gel permeation chromatography (GPC) was 
carried out at 25°C using 0.1 M sodium nitrate and 0.02 wt % sodium azide as eluent at a flow 
rate of 1.0 mL/min with an HP series 1050 pump, an HP 1047A refractive index detector, and 
three Waters Ultrahydrogel columns (7.8 × 300 mm) calibrated against poly(ethylene oxide) 
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standards. GPC eluting in THF at 35°C was performed on an Agilent 1260 infinity system with a 
G1362A refractive index detector and a G1310B isocratic pump operating at a flow rate of 
1.0mL/min, equipped with a PLgel 5µm mixed-c (7.5 × 300 mm), a PLgel 5µm mixed-d (7.5 × 300 
mm) and a 5µm guard column (7.5 × 50 mm) calibrated against polystyrene standards. 
Mass spectral data was obtained on a JEOL JMS-700 MStation double focusing sector 
mass spectrometer with an FAB source. Fourier-transform infrared (FTIR) spectrum was 
collected on a Perkin-Elmer Spectrum 100 spectrometer equipped with an attenuated total 
reflectance sampling accessory. Thermogravimetric analysis (TGA) was collected on a TA Q500 
thermogravimetric analyzer with a ramping rate of 20 ºC/min from 25-600 ºC under a 
continuous purge of nitrogen. Fourier-transform infrared (FT-IR) spectra of PDA and PDA-
polyMPC coatings were collected on a Nicolet 6700 FT-IR spectrometer equipped with a Harrick 
VariGATRTM grazing angle accessory. Coating thickness measurements were performed using a 
Gaertner LSE stokes ellipsometer equipped with a 632.8 nm HeNe Laser at a fixed incidence 
angle of 70° with GEMP software. The refractive index (n) of PDA and PDA-polyMPC composite 
coating was assumed to be 1.55.13  n=1.46 was used for the silica layer on Si wafers. Atomic 
force microscopy (AFM) was performed on a Digital Instruments Nanoscope III in tapping mode 
under ambient conditions using silicon cantilevers (spring constant 0.58 N/m). The static contact 
angles of water droplet (0.4 µL) in air or chloroform droplet (5 µL) underwater was measured by 
sessile drop method using a VCA Optima surface goniometer equipped with an automated 
pipetting system. Average CA and standard deviations were obtained from 5 measurements 
with 0.4µL for water and 5µL for chloroform.  X-ray photoelectron spectra were acquired using a 
Physical Electronics Quantum 2000 Microprobe instrument with a monochromatic Al 50-W X-ray 
source under ultrahigh vacuum, and a 200µm spot area. The take off angle was fixed at 45°. High 
resolution scans were acquired to obtain chemical composition.   
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Bacterial attachment assay. The static bacterial adhesion property of pristine glass, PDA 
(2 mg/mL dopamine) modified glass, and PDA-polyMPC (2 mg/mL dopamine and 5 mg/mL 
polyMPC) modified glass was evaluated using the model bacteria E. coli K12 (MG1655, 
expressing green fluorescent proteins).  E. coli was cultured overnight in Luria-Bertani broth, 
washed and resuspended in M9 media to a final concentration of 1.00 × 108 cells/mL. Samples 
were placed at the base of separate wells in 6-well polystyrene plates (Fisher Scientific) and 
inoculated with 5 mL of E. coli suspension in M9 media. Following a 2 or 24 h incubation at 37°C, 
the growth media was removed via sterilized glass pipette and samples were lightly shaken and 
rinsed repeatedly with sterile PBS before analysis. Samples incubated for 2 h were fixed in fresh 
4% paraformaldehyde for 10 min. A UV-sterilized coverslip was placed on top of the fixed 
samples and sealed with VALAP (equal parts Vaseline, lanoline, and paraffin wax) to provide a 
clean surface. Bacterial attachment was then quantified using a 60× oil immersion objective 
(Nikon NF) on a Nikon-D Eclipse Confocal Microscope. Samples incubated for 24 h were analyzed 
using 50 × objective on a Zeiss Microscope Axio Imager A2M. Attachment (%) was quantified by 
analyzing 10-15 randomly acquired images over 3 parallel replicates using Image J 1.45 software 
(National Institutes of Health, Bethesda, MD). Statistical significance was accepted at p<0.001 
level. 
7.3 Synthetic procedures 
Synthesis of 3-allyl-1, 2-oxathiolane 2, 2-dioxide (1).  
 
1
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1,3-propanesultone (27.5 mmol) was dissolved in THF (80 mL) and cooled to -78 °C. n-
Butyllithium (2.5 M, 25 mmol) was added slowly, and the mixture was stirred for 20 min. Allyl 
bromide (2.4 mL, 28 mmol) was added by syringe pump over a period of 30 min. The -78 °C 
cooling bath was replaced with an ice water bath, and the mixture was stirred for an additional 
30 min. Water was added and the crude product was extracted with ethyl acetate three times. 
The mixture was dried over anhydrous NaSO4, and volatiles removed under reduced pressure. 
Column chromatography was performed on silica gel, eluting with ethyl acetate: hexanes 
mixtures, affording sultone 1 as a colorless liquid (2.0 g, 49 %). 1H NMR (500 MHz, CDCl3, δ): 5.81 
(m, 1H), 5.22 (m, 2H), 4.39 (m, 2H), 3.32 (m, 1H), 2.76 (m, 1H), 2.44 (m, 1H), 2.43(m, 1H), 2.32 
(m, 1H). 13C NMR (125 MHz, CDCl3, δ) 132.2, 119.4, 66.9, 54.9, 33.1, 29.2. 
Synthesis of 1-((2-(methacryloyloxy)ethyl)dimethylammonio)hex-5-ene-3-sulfonate (2).  
 
Allyl-substituted sultone 1 (2.0 g, 12 mmol), 4-methoxyphenol (15 mg, 0.12 mmol) and 
DMAEMA (1.9 g, 12.3 mmol) were dissolved in acetonitrile (6 mL) and heated at 70°C for 8 h. 
THF (16 mL) was added and the reaction mixture was stored at -20°C overnight to induce 
precipitation of product. Allyl-substituted sulfobetaine 2 was isolated as a white solid (3.8 g, 96 
%). 1H NMR (500 MHz, D2O, δ): 6.18 (s, 1H), 5.88 (m, 1H), 5.79 (s, 1H), 5.21 (m, 2H), 4.64 (s, 2H), 
3.80 (s, 2H), 3.65 (m, 2H), 3.20 (s, 6H), 2.97 (m, 1H), 2.72 (m, 1H), 2.38 (m, 1H), 2.19 (m, 2H), 
1.95 (m, 3H). 13C NMR (125 MHz, D2O, δ) 168.4, 135.1, 134.1, 127.8, 118.4, 62.9, 62.6, 58.3, 56.6, 
51.1, 34.0, 22.3, 17.3. HRMS-FAB: (m/z) calculated for C14H25NO5S [M+H]+: 320.1526, found: 
320.1241. 
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Synthesis of 3-(3-(trimethylsilyl)prop-2-yn-1-yl)-1,2-oxathiolane 2,2-dioxide (3).  
 
1,3-propanesultone (33 mmol) was dissolved in THF (160 mL) and cooled to -78 °C, 
butyllithium (2.5 M, 30 mmol) was added slowly and the reaction mixture was stirred for 20 min. 
3-bromo-1-TMS-propyne (30 mmol) was added by syringe pump over a period of 30 min. Water 
was added and the crude product was extracted with ethyl acetate. The organic phase was dried 
over anhydrous NaSO4 and concentrated to give the crude product, which was purified by silica 
gel column chromatography using 1:9 ethyl acetate:hexanes to 2:8 ethyl acetate:hexanes as 
eluent, yielding monoTMSalkyne-substituted sultone 3 (2.7 g, 39 % based on limiting reagent 
butyllithium and the byproduct was excluded from the calculation) and diTMSalkyne-substituted  
sultone 0.51 g as white solids). 1H NMR (500 MHz, CDCl3, δ): 4.41 (m, 2H), 3.45(m, 1H), 2.92 (m, 
1H), 2.76, (m, 1H), 2.60 (m, 1H), 2.48 (m, 1H), 0.14 (s, 9H). 13C NMR (125 MHz, CDCl3, δ): 99.9, 
88.8, 66.9, 53.8, 29.0, 20.5, -0.1. HRMS-FAB: (m/z) calculated for C9H16O3SSi [M+H]+: 233.0662, 
found: 233.0679. 
Synthesis of 1-((2-(methacryloyloxy)ethyl)dimethylammonio)-6-(trimethylsilyl)hex-5-yne-3-
sulfonate (4).  
 
3
4
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TMSalkyne-substituted sultone 2 (2.0 g, 12.3 mmol), 4-methoxyphenol (15 mg, 0.12 
mmol) and DMAEMA (1.9 g, 12.3 mmol) were dissolved in acetonitrile (6 mL) and heated at 70 
°C for 8 h. THF (16 mL) was added and the reaction mixture was stored at -20 °C overnight to 
induce precipitation of product. TMS-alkyne-substituted sulfobetaine methacrylate 4 was 
isolated as a white solid (3.8 g, 96 %). 1H NMR (500 MHz, D2O, δ): 6.19 (s, 1H), 5.81 (s, 1H), 4.68 
(s, 2H), 3.85 (s, 2H), 3.72 (m, 2H), 3.25(s, 6H), 3.08 (br, 1H), 2.90 (dd, 1H), 2.67 (m, 1H), 2.39 (br, 
2H), 1.96 (m, 3H), 0.18 (s, 9H). 13C NMR (125 MHz, D2O, δ): 169.4, 136.2, 129.0, 104.3, 90.1, 63.7, 
63.6, 59.4, 56.6, 52.4, 23.4, 21.6, 18.4, 0.0. HRMS-FAB: (m/z) calculated for C17H31NO5SSi [M+H]+: 
390.1765, found: 390.1772. 
Homopolymerization of 2 to afford homopolymer allyl-SBMA-100 (5)  
 
Compound 2 (0.584 g, 3 mmol), CPDB (16.8 mg, 0.06 mmol), ACVA (3.35 mg, 0.012 
mmol), and TFE (2 mL) were added to a 20 mL vial equipped with a magnetic stir bar. After the 
vial was purged with nitrogen for 20 min, the reaction vial was placed in a preheated oil bath at 
70 °C for 15 h. Monomer conversion was determined by 1H NMR spectroscopy by taking a small 
aliquot from the polymerization mixture. Conversion: 76 %. The polymerization mixture was 
dialyzed against water for 2 days (MWCO 3.5 kDa), and lyophilized to afford polymer in 74% as a 
pink solid. Yields are calculated as gravimetrically.  GPC: Mn = 26.7 kDa, Ð = 4.88. 1H NMR (500 
MHz, 0.5 M NaCl in D2O, δ): 6.11-5.82 (br, 1H, H2C=CH), 5.47-5.18 (br m, 2H, H2C=CH), 4.7-4.3 
(br, 2H, COOCH2), 4.14-3.54 (br m, 4H, CH2N(CH3)2CH2), 3.53-3.11 (br , 6H, CH2N(CH3)2CH2), 3.10-
5
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2.90 (br, 1H), 2.90-2.65 (br, 1H), 2.56-2.38 (br, 1H), 2.38-1.61 (br m, 4H, CH2CHSO3 and backbone 
CH2), 1.61- 0.42 (br m, 3H, backbone CH3) 13C NMR (125 MHz, 0.5 M NaCl in D2O, δ): 177.8, 
177.24, 134.6, 118.6, 62.6, 59.1, 56.6, 51.4, 53.1 45.0 34.2, 22.5, 19.2.  
Representative polymerization procedure for SBMA and 2 to afford copolymer allyl-SBMA-X 
(6)  
 
SBMA (0.670 g, 2.4 mmol), 2 (0.192 g, 0.6 mmol), CPDB (16.8 mg, 0.06 mmol), ACVA 
(3.35 mg, 0.012 mmol), and TFE (2 mL) were added to a 7 mL vial equipped with a magnetic stir 
bar. After the vial was purged with nitrogen for 30 min, the reaction vial was placed in a 
preheated oil bath at 70 °C for 15 h. The polymerization mixture was dialyzed against water for 2 
days (MWCO 3.5 kDa), and lyophilized to afford polymer in 60% yield. Conversion: 90%. GPC: Mn 
= 17.2 kDa, Ð = 1.41. 1H NMR (500 MHz, 0.5 M NaCl in D2O, δ): 6.06-5.8 (br, 1H, H2C=CH), 5.38-
5.13 (br, 2H H2C=CH), 4.71-4.16 (br, 4H, COOCH2), 4.06-3.43 (br, 8H, CH2N(CH3)2CH2), 3.45-3.01 
(br, 12H), 3.06-2.81 (4H), 2.80-2.61 (br, 1H), 2.61-1.55 (br m, 8H), 1.55-0.3 (br m, 6H). 
Homopolymerization of 4 to afford TMS-alkyne-SB-100 (7) 
 
6
7
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4 (0.779 g, 2.00 mmol), CPDB (5.60 mg, 0.02 mmol), ACVA (1.11 mg, 0.004 mmol), and 
TFE (2 mL) were added to a 7 mL vial equipped with a magnetic stir bar. After the vial was 
purged with nitrogen for 30 min, the reaction vial was placed in a preheated oil bath at 70 °C for 
20 h. Monomer conversion was determined by 1H NMR spectroscopy by taking a small aliquot 
from the polymerization mixture. Conversion 85 %. GPC: Mn = 17.8 kDa, Ð = 1.31. 1H NMR (500 
MHz, MeOD-d4, δ): 4.79-4.22 (br, 2H, COOCH2), 4.22-3.58 (br m, 4H, CH2N(CH3)2CH2), 3.58-3.13 
(br , 6H, CH2N(CH3)2CH2), 3.13-2.77 (br, 2H, HCCCH2CHSO3), 2.77-1.80 (br m, 5H, CCCH2CHSO3, 
CH2CHSO3 and backbone CH2), 1.80- 0.6 (br m, 3H, backbone CH3), 0.0 (s, 9H, Si(CH3)3. 13C NMR 
(125 MHz, MeOD-d4, δ): 178.3, 177.8, 104.7, 88.2, 63.6, 60.3, 57.3, 53.0, 52.4, 46.6, 24.2, 22.8, 
21.2, 0.37.  
Deprotection of TMS-alkyne-SB-100 to yield alkyne-SB-100 
TMS-alkyne-SB-100 (0.180 g, 0.462 mmol) was dissolved in TFE (2 mL), and potassium 
fluoride (4 eq in 5 mL water) was added. The reaction mixture was stirred for 2 days and then 
dialyzed against water for 2 days. GPC: Mn = 21.5, Ð = 1.29. 1H NMR (500 MHz, 0.5M NaCl in 
D2O, δ): 4.71-4.24 (br, 2H, COOCH2), 4.24-3.59 (br m, 4H, CH2N(CH3)2CH2), 3.56-3.22 (br, 6H, 
CH2N(CH3)2CH2), 3.23-3.06 (br, 1H, HCCCH2CHSO3,), 3.05-2.8 (br, 1H, HCCCH2CHSO3), 2.87-2.62 
(br, 2H HCC and HCCCH2CHSO3), 2.61-2.32 (br, 2H, CH2CHSO3), 2.29-1.55 (br m, 2H, backbone 
CH2), 1.55-0.6 (br m, 3H, backbone CH3). 13C NMR (125 MHz, 0.5 M NaCl in D2O, δ):  177.9, 177.4, 
80.8, 80.3, 72.9, 62.3, 59.2, 55.5, 51.7, 45.1, 44.9, 22.6, 19.7. 
Partial deprotection of TMS-alkyne-SB-10 
TMS-alkyne-SB-100 (0.180 g, 0.462 mmol) was dissolved in methanol (0.92 mL), and n-
Bu4NF (1 M in THF, 0.51 mL, 0.51 mmol) was added. The reaction mixture was stirred for 20 h. 
TFE was added to dissolved the precipitated polymer. The reaction mixture was dialyzed against 
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methanol and then water for 2 days. Polymer was isolated by lyophilization Yield: 58% GPC: Mn 
= 18.4 kDa, Ð = 1.27. 
Representative polymerization procedure for SBMA and 4 to afford copolymer TMS-alkyne-
SBMA-X (8) 
SBMA (0.419 g, 1.5 mmol), 4 (0.584g, 1.5 mmol), CPDB (16.8 mg, 0.06 mmol), ACVA 
(3.35 mg, 0.012 mmol), and TFE (2mL) were added to a 7 mL vial equipped with a magnetic stir 
bar. After the vial was purged with nitrogen for 30 min, the reaction vial was placed in a 
preheated oil bath at 70°C for 15 h. Monomer conversion was determined by 1H NMR 
spectroscopy by taking a small aliquot from the polymerization mixture. Conversion:  80 %. GPC: 
Mn = 14.5 kDa, Ð = 1.1. The polymerization mixture was dialyzed against water for 2 days 
(MWCO 3.5 kDa), and lyophilized to afford polymer in 82 %. 1H NMR (500 MHz, 0.5 M NaCl in 
D2O, δ): 4.73-4.23 (br, 4H, COOCH2), 4.23-3.56 (br m, 8H, CH2N(CH3)2CH2), 3.57-3.21 (br , 12H, 
CH2N(CH3)2CH2), 3.21-2.89 (br, 4H), 2.89-1.68 (br m, 9H, CH2CH2SO3, CH2CHSO3 and backbone 
CH2), 1.66- 0.65 (br m, 6H, backbone CH3), 0.29 (s, 9H, Si(CH3)3). 
Synthesis of butenyl-13  
SBMA (2 g, 7.16 mmol), n-butenyl methacrylate (0.18 g, 1.23 mmol), CPDB (0.02 g, 0.07 
mmol), and ACVA (0.002 g, 0.007 mmol) were added to a 10 mL 2 neck round-bottom flask, 
equipped with a stir bar, septum and a gas inlet, then dissolved in TFE at 0.5 g/mL. The 
monomer solution was degassed using three freeze-pump-thaw cycles, immersed in an oil bath 
at 70 °C, and stirred under N2(g) for 12 h. The flask was opened to air and immersed in liquid N2 
to quench the polymerization. The polymer solution was diluted with brine (~2-3 mL), then 
precipitated into acetone (500 mL) to remove residual butenyl methacrylate. The acetone was 
decanted and the precipitate redissolved in brine. The polymer was dialyzed against a 3.5 kDa 
 145 
MWCO membrane in water, and lyophilized to afford a light pink powder in 54 % yield. Yields 
are calculated as (mass of polymer after lyophilization/mass of monomer employed in the 
polymerization) x 100 %. GPC (TFE): Mn= 26.6 kDa, Ð = 1.15. 1H NMR (500 MHz, 0.2 M NaCl D2O, 
δ): 8.19-7.55 (br m, 5H from CPDB), 6.08-5.87 (s, 1H from butenyl methacrylate), 5.41-5.11 (s, 
2H from butenyl methacrylate), 4.70-4.29 (s, 2H from SBMA), 4.26-4.05 (s, 2H from butenyl 
methacrylate), 3.87 (s, 2H from SBMA), 3.66 (s, 2H from SBMA), 3.30 (s, 6H from SBMA), 3.04 (s, 
2H from SBMA), 2.66-0.57 (br m, 7H from SBMA and 7H from butenyl methacrylate).  
Synthesis of (E)-3,3’-(but-2-ene-1,4-diyl)bis(1,2-oxathiolane 2,2-dioxide) (9) 
1,3-propanesultone (2.02g, 16.5 mmol) was dissolved in THF (80 mL) and cooled to -
78°C with dry ice-acetone bath. n-Butyllithium (6mL, 15mmol) was added and stirred for 20 min, 
trans-1,4-bromo-2-butene (1.76, 8.25mmol) was added as a THF solution (20mL). The reaction 
mixture was stirred for 45 min. TLC showed the absence of starting material. Water (100 mL) 
was added and the crude product was extracted with ethyl acetate. After column 
chromatography (75:25 ethyl acetate:hexanes), 0.94 of white solid containing both the target 
compound and 1,3-propanesultone was obtained (crude 2.47g). Recrystallizaiton from 
DCM/hexanes gave 9 as a white solid (0.58g, 24%). 1H NMR (500 MHz, CDCl3, δ): 5.58-5.75 (m, 
2H), 4.30-4.47 (m, 4H), 3.22-3.40 (m, 2H), 2.56-2.76 (m, 4H), 2.40-2.57 (m, 2H), 2.22-2.38 (m, 
2H). 13C NMR (125 MHz, D2O, δ): (trans) 128.83, 67.01, 55.09, 31.97, 29.28; (cis) 128.74, 66.98, 
55.18, 31.75, 29.16.  
General Surface Modification protocal with polydopamine and polyMPC  
Si wafer coupons (1 × 1 cm2) were cleaned by sequential sonication in acetone, water, 
isopropanol for 15 min followed by oxygen plasma treatment for 20 min. The cleaned coupons 
were then immersed in a solution of dopamine hydrochloride (2 mg/mL) containing variable 
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amount of polyMPC (0-10 mg/mL) in 10 mM TRIS (pH 8.5) for a predetermined time at room 
temperature. The samples were placed in a 12-well cell culture well plate, containing 1 mL of 
freshly prepared coating solution in each well (well area = 3.8 cm2), and placed on an orbital 
shaker (Aapptec LabmateTM) set at 400 rpm. The coated samples were then gently rinsed with 
water and dried under nitrogen for further analysis by IR, XPS and ellipsometry. 
Stability Evaluation 
PDA and PDA-polyMPC coated Si wafers were placed in polystyrene 12-well cell culture 
plates (Falcon) and immersed in various aqueous solutions: pH 1, 4, 7, 10 and 0.1M NaCl for 24 h 
and 7 days. The treated wafers were rinsed with water and dried under a stream of nitrogen. 
The change in coating thickness was monitored by ellipsometry. Sonication was performed using 
a VWR Symphony ultrasonic cleaner operating at 48W/35kHz (Model No. 97043-988). 
Oxidation of polydopamine to increase robustness 
PDA and PDA-polyMPC coated Si wafers were placed in a 12-well cell culture plate and 
immersed in 1 mL of 5 mM NaIO4 for 12 h. The samples were thoroughly rinsed with water and 
dried under a stream of nitrogen. 
Synthesis of phenyl ester functionalized cyclooctene, Ph-COE (14) 
5-Carboxylic acid cyclooctene (6.09 mmol, 0.938 g), N,N’-dicylohexylcarbodiimide (6.70 
mmol, 1.38 g), 4-(dimethylamino)pyridine (6.70 mmol, 0.82 g) and dichloromethane (20 mL) 
were added to a round bottom flask and stirred for 10 minutes. Phenol (6.70 mmol, 0.66 g) was 
added and the reaction mixture was stirred for 12 hours. The white precipitate was removed 
byfiltration and  the filtrate was evaporated to dryness. The crude product was purified by 
column chromatography on silica gel, eluting with 10:1 v/v hexanes:diethyl ether, to afford 1.25 
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g of a colorless oil (84% yield). 1H NMR (300 MHz, CDCl3): δ = 7.37 (2.0 H), 7.23 (1.0 H), 7.06 (2.0 
H), 5.7 (2.0 H), 2.73 (1.0 H), 2.44 (1.0H), 2.1 (4H), 1.03–2.1(5H). 13C NMR (100 MHz, CDCl 3 ): δ = 
176.2, 151.1, 130.81, 129.6, 129.5, 125.7, 121.6, 43.5, 31.7, 29.6, 28.0, 26.0, 24.2. 
Synthesis of poly[(PC-COE]-co-(Ph-COE)] (15) 
PC-COE (2.25 mmol, 655 mg) and 14 (0.750 mmol, 173 mg) were dissolved in 0.9 mL of 
dichloromethane and 1.5 mL trifl ouroethanol, and degassed using three freeze-pump-thaw 
cycles. GIII (0.03 mmol, 26.5 mg) was added as a solution in dichloromethane (0.6 mL). The 
polymerization was quenched with ethylvinyl ether (0.2 mL) after 1 h. The resultant polymer 
was precipitated into acetone and dialyzed against water for 2 days (MWCO 3.5kDa). Follow by 
lyophilization, 469 mg of polymer 15 was obtained as a white solid (57% yield). 1H NMR (300 
MHz, MeOD-d4): δ = 7.39 (0.58H), 7.24 (0.28H), 7.04 (0.51H), 5.45 (2.0H), 4.22 (2.02H), 3.60 
(1.47H), 3.21 (6.44H), 2.62 (0.37H), 1.87–2.33 (3.84H). Conversion >99% GPC (Aqueous GPC, PEO 
standards) Mn 4.66 kDa, Ð 1.6. 1 H NMR spectroscopy indicated 29 mole percent incorporation 
of 14. 
Synthesis of poly[(PC-COE]-co-(PFP-COE)] (18) and reaction with dopamine to afford catechol 
functionalized PC-polyolefins 19 
PC-COE (4.8 mmol, 1.40 g) and 17 (3.2 mmol, 1.02 g) were dissolved in 4 mL trifluoroethanol and 
degassed by three cycles of free-pump-thaw. In a separate vial, 3rd generation Grubbs catalyst 
was dissolved in 4 mL degassed dichloromethane and rapidly injected into the monomer 
solution. Ethyl vinyl ether (0.5mL) was added to terminate the polymerization after 1 h. The 
reaction mixture was diluted with 2 mL of methanol and precipitated into acetone. Residual 
solvents were removed by placing the crude polymer under high vacuum overnight, affording 
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2.1 g of PC-PFPE polyolefines in 83% yield. GPC (TFE with 20mM sodium trifluoroacetate, 
relative to poly(methyl methacrylate standards): Mn = 50.1 kDa, Ð = 1.90). The resulting 
polymer (0.467 g, 0.617 mmol PFPE, 40mol% PFPE as determined by 1H NMR spectroscopy) was 
redissolved in water (10mL). Dopamine-hydrochloride (1.85 mmol, 0.351 g) and triethylamine 
(1.85 mmol, 0.258 mL) were added. The reaction mixture was stirred for 10h and then 
transferred to a dialysis tubing with MWCO of 1 kDa to remove excess reagents and reaction 
byproducts by dialyzing against methanol and then water. Water was changed 4-5 times prior to 
lyophilization. Polymer was isolated as a grayish-brown solid in 60% yield. 1H NMR (500MHz, 
MeOD-d4) 6.67 (br, 2H), 6.48 (br, 1H), 5.37 (br m, 4H), 4.20 (br, 3H), 3.58 (br, 2H), 3.31 (br, 4H), 
3.15 (s, 9H), 2.66 (br 2H), 2.37 (br, 1H) 1.8-2.0 (br m, 9H), 1.2-1.7 (br m, 12H). 13C NMR (125 
MHz, MeOD-d4) 178.4, 146.4, 144.9, 131.3, 121.2, 117.2, 116.7, 77.6, 67.5, 60.3, 54.6, 42.0, 
36.5, 35.8, 33.8, 31.7, 29.3, 28.6, 28.3, 26.2, 24.1. GPC (TFE with 20mM sodium trifluoroacetate, 
relative to poly(methyl methacrylate standards): Mn = 70.6 kDa, Ð = 2.0. 1H NMR shows 40 
mol% of catechol groups. 
Synthesis of 4-phosphorylcholine methyl-1,6-heptadiyne (22). 
 
To a flame-dried two-neck, 200 mL round-bottom flask, equipped with a magnetic stir bar and a 
N2 inlet adapter, freshly distilled ethylene chlorophosphate (3.48g, 24.5 mmol)was added drop-
wise to a solution of 4-hydroxymethyl-1,6-heptadiyne (2.99 g, 24.5 mmol) and triethylamine 
(2.47 g, 24.5 mmol) in THF (35 mL) at 0 °C. A white precipitate formed and the reaction mixture 
22
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was stirred for 2 hours at room temperature. The white precipitate was removed by filtration 
under N2. The filtrate was concentrated under reduced pressure. The residue was dissolved in 
anhydrous acetonitrile (35 mL) transferred to a pressure flask and cooled to 0 °C.  
Trimethylamine (4.6 mL, 48.9 mmol) was added and the reaction mixture was stirred for 16 
hours at 70 °C.  White precipitate formed as reaction mixture was cooled to room temperature. 
The reaction vessel was placed in the -20 °C freezer overnight, and the precipitate was collected 
and washed with THF to afford 6.64 g (95%) white solid. 1H NMR (500MHz, D2O): δ 4.31 (2H), 
4.96 (2H), 3.67 (2H), 3.22(9H), 2.43 (6H), 2.14 (1H). 13C NMR (125MHz, D2O): δ 81.6, 70.3, 65.5, 
65.1, 58.4, 53.0, 36.1, 17.9. HRMS (FAB) m/z: found 288.1353; calculated for C13H22NO4P [M+H]+ 
288.1359. 
Synthesis of 4-sulfobetainemethyl-1,6-heptadiyne (25)  
 
To a flame-dried 100 mL round-bottom flask, equipped with a magnetic stir bar and a N2 inlet 
adapter, methanesulfonyl chloride (2.34g, 20.4 mmol) was added drop-wise to a solution of 4-
hydroxymethyl-1,6-heptadiyne) (2.08 g, 17.0 mmol) and triethylamine (2.06 g, 20.4 mmol) in 
DCM (34 mL) at 0 °C. The reaction mixture was stirred for 2 h and then 1 M HCl was added. The 
organic layer was washed with saturated sodium bicarbonate solution and brine, dried over 
MgSO4, and the solvent was removed under reduced pressure. The residue was dissolved in THF 
(49 mL) and transferred to a pressure flask containing dimethylamine (2M in THF, 18.7mL, 37.4 
mmol). The reaction mixture was heated at 70 °C for 16 h. The reaction mixture was filtered and 
25
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evaporated to dryness. The crude product was extracted into 1M HCl and the aqueous layer was 
basified with 10 wt% NaOH solution. The product was extracted with ether, dried overMgSO4 
and the solvent was removed under reduced pressure to afford a brown oil (1.07 g, 42% over 2 
steps). 1H NMR (D2O): δ 3.51 (br, 4H), 3.13 (br, 6H), 2.95 (tr, 4H), 2.51 (5H), 2.44(2H), 2.25 (br, 
2H). 13C NMR (125MHz, D2O): δ 76.4, 68.0, 62.2, 58.7, 46.3, 42.8, 26.7, 18.2, 13.9. HRMS(FAB) 
m/z: found 272.1331; calculated for C13H21NO3S [M+H]+ 272.1315. 
General ROMP Procedure 
A typical polymerization was performed using 1 to 2.mmol of monomers. Monomers and 
solvent were added to a glass vial equipped with a stir bar and sealed with a rubber septum. The 
monomer solution was degassed by freeze-pump-thaw three times and left under N2. A stock 
solution of Grubbs catalyst was prepared with degassed DCM in another nitrogen flushed vial 
capped with rubber septum. The catalyst solution was added via syringe and ethyl vinyl ether 
(0.5 mL) was added after 1 h to terminate the polymerization. A crude sample was taken for 
conversion analysis by 1H NMR and molecular weight characterization by GPC. The 
polymerization mixture was stirred for 20 minutes and precipitated into appropriate non-
solvent. Residual solvent was removed under vacuum at room temperature. 
Representative polymerization of 28 
 A stock solution of second generation Grubbs catalyst (0.003mmol, 0.15 mL) was added to a vial 
containing 1 (0.3 mmol). The reaction mixture was stirred for 1 h. Ethyl vinyl ether (0.5 mL) was 
added to terminate the polymerization. Solvent was removed under vacuum. Conversion: 20%. 
Representative copolymerization of 28 and 29 to afford copolymer 30 
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A stock solution of GIII (17.7 mg, 0.02mmol) in DCM (1 mL) was added to a vial 
containing degassed cis-cyclooctene 29 (198.4 mg, 1.8 mmol) and 28 (29.3 mg, 0.2 mmol) in 
DCM. The reaction mixture was stirred for 1 hour. Ethyl vinyl ether (0.5 mL) was then added to 
terminate the polymerization. A crude sample was taken for conversion analysis by 1HNMR. 
Precipitation of polymer into methanol gave a waxy solid in 74% yield. 1H NMR(300 MHz, CDCl3): 
δ = 5.38 (1H), 2.71 (0.16H), 2.38(0.17H), 1.97(1.84H), 1.29 (3.83H) 13CNMR(100 MHz, CDCl3) δ 
=132.7, 132.2, 130.5, 130.0, 128.8, 127.6, 127.0, 126.0, 39.2, 38.9, 38.8, 32.7, 32.5, 29.9, 29.8, 
29.5, 29.3, 29.2, 27.5, 27.4, 27.2. 
Representative copolymerization of 28 and 31 to afford copolymer 32 
 
A stock solution of GIII (17.7 mg, 0.02mmol) in THF (1.0 mL) was added to a vial containing 
degassed 5-hydroxycyclooctene 31 (227.2 mg, 1.8mmol) and 28(29.3 mg, 0.2 mmol) in THF (1.0 
mL). The reaction mixture was stirred for 1 hour. Ethyl vinyl ether (0.5 mL) was then added to 
terminate the polymerization. A crude sample was taken for conversion analysis by 1H NMR. 
Conversion was determined by 1H NMR. Precipitation of polymer into acetone gave a solid in 
80% yield. 1H NMR(300 MHz, MeOD:CDCl3=1:1): δ = 5.1 (1H), 3.18 (0.46H), 2.36 (0.13H), 2.02 
(0.15H), 1.56-1.80 (1.76H), 0.84-1.3 (2.88H); 13C NMR(100 MHz, MeOD:CDCl3=1:1) δ =131.8, 
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131.6, 129.9, 129.7, 128.4, 129.3, 129.2, 129.0, 127.3, 70.19, 67.4, 38.3, 36.6, 36.3, 36.1, 32.1, 
31.8, 29.8, 28.2, 26.7, 24.9, 22.9, 22.8. 
Representative copolymerization of 28 and 33 to afford copolymer 34 
 
A stock solution of GIII (17.7 mg, 0.02mmol) in DCM (1 mL) was added to a vial containing 
degassed 5-N-Boc-amine substituted cyclooctene 33 (1.8 mmol) and 28 (29.3mg, 0.2 mmol) in 
DCM (1 mL). The reaction mixture was stirred for 1 hour. Polymer was precipitated into 
hexanes, yielding 302.7mg of brown solid.1H NMR(300 MHz, CDCl3) δ = 5.29 (1H), 4.35 (0.42H), 
3.46 (0.42H), 2.62 (0.15H), 2.29 (0.15H), 1.67-2.25 (1.99H), 0.94-1.67 (7.26H)  13C NMR (100 
MHz, CDCl3) δ = 155.6, 132.0, 131.7, 130.4, 130.3, 130.2, 129.8, 129.5, 129.4, 128.4, 127.9, 
125.8, 125.8, 79.2, 78.6, 51.2, 50.1, 38.8, 38.7, 35.4, 34.9, 32.3, 28.9, 28.4, 26.9, 25.8, 25.7, 25.6, 
25.5, 23.7. 
Representative copolymerization of 28 and 35 to afford copolymer 36 
 
A stock solution of GIII (8.8 mg, 0.01mmol) in DCM (0.5 mL) was added to a vial containing 
degassed PFP-functionalized cyclooctene 35 (227.7 mg, 0.7 mmol) and 28 (43.9 mg, 0.3 mmol) in 
DCM (0.5 mL). The reaction mixture was stirred for 1 hour. Polymer was precipitated into 
methanol to give to afford 495.5 mg of viscous oil in 82% yield.1HNMR(300 MHz, CDCl3) δ = 5.43 
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(1H), 2.70 (0.74H), 2.38(0.38H), 2.06(1.67H), 1.71-1.92 (0.85H), 1.51-1.71 (1.45H), 1.34-1.51 
(0.92H); 13C NMR (100 MHz, CDCl3) δ = 172.1, 142.6, 140.8, 140.0, 139.1, 138.3, 136.8, 131.0, 
130.2, 129.4, 128.8, 128.5, 125.3, 45.1, 44.8, 38.7, 32.4, 32.2, 32.1, 32.0, 31.8, 27.2, 27.1, 27.0, 
26.9, 25.0; 19F NMR (282MHz, CDCl3) δ = -152.7 (2F), -158.1 (1F), -162.4 (2F). 
Representative copolymerization of 29 and 39 
 
A stock solution of GIII (8.8 mg, 0.01 mmol) in DCM (0.5 mL) was added to a vial containing 
degassed 2 (99.2 mg, 0.9 mmol) and 6 (22.6 mg, 0.1 mmol) in DCM (0.5 mL) The reaction 
mixture was stirred for 1 hour. Polymer was precipitated into methanol to give to afford 92.8 mg 
of grey solid. 1H NMR (300 MHz, CDCl3) δ = 7.00-7.52 (0.145H), 5.21-5.90 (1H), 4.41-4.88 (0.12H), 
1.98 (1.96H), 1.30 (3.83 H). 
Representative terpolymerization of 28, 29 and 39 to afford polymer 41 
 
A stock solution of GIII (8.84 mg, 0.01mmol) in DCM (0.5 mL) was added to a vial 
containing degassed 28 (29.3 mg, 0.2 mmol), 29 (176.3 mg, 1.6mmol) and 39 (45 mg, 0.2 mmol) 
in DCM (0.5 mL). The reaction mixture was stirred for 1 hour. Polymer was precipitated into 
methanol to afford 153 mg brown solid. 1H NMR (300 MHz, CDCl3) δ = 7.03- 7.47 (0.22H), 5.14-
6.06 (1H), 4.45-4.87 (0.08H), 2.71 (0.07H), 2.39 (0.08H), 1.98 (1.85H), 1.31 (3.73H); 13C NMR 
29 4039
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(75MHz, CDCl3) δ 137.3, 132.7, 132.5, 130.5, 130.3, 130.0, 129.8, 128.6, 127.6, 127.0, 126.0, 
125.0, 124.1, 124.0, 120. 24, 120.22, 120.17, 120.15, 69.1, 69.2, 39.2, 39.1, 38.9, 32.7, 32.6, 
32.5, 32.3, 29.9, 29.8, 29.5, 29.3, 29.2, 28.9, 27.7, 27.5, 27.4, 27.2. 
Polymer degradation studies 
Disulfide reduction by tri-n-butylphosphine. 30 (9 mol% of 1, Table 1 Entry 2) (16 mg, 
13.2 µmol of disulfide), tri-n-butylphosphine (16.5 µL, 66.2 µmol) and CDCl3 (0.5 mL) were added 
to a vial. The reaction mixture was monitored by 1H NMR spectroscopy. The reduced polymer 
was analyzed by THF GPC after the removal of solvent (Mn=2.8 kDa, Ð=1.8). 
Disulfide reduction by thiol. 30 (18 mol% of 1, Table 1 Entry 6) (9 mg, 11.8 µmol of 
disulfide) was dissolved in CDCl3 (0.6 mL), 1-dodecanethiol (6.7 µL, 28.0 µmol) was added. The 
sample was analyzed by THF GPC after the removal of solvent (Mn=9.2 kDa, Ð=1.7). Reduction 
with 20 equivalence of 1-dodecanethiol (67µL, 280 µmol) was also performed (Mn= 3.3 kDa, 
Ð=1.6). 
Disulfide reduction by free radicals. 30 (9 mol% of 1, Table 1 Entry 2) (10.9 mg , 9.0 
µmol) and 2,2-dimethoxy-2-phenylacetophenone (4.6 mg,  17.9 µmol) were dissolved in CDCl3(1 
mL). The reaction mixture was irradiated at 365 nm for 20 minutes. Solvent was removed and 
the reduced polymer was analyzed by THF GPC (Mn=5.2 kDa, Ð=2.2). The control reaction in the 
absence of photoinitiator was also carried out and showed no change in molecular weight. 
Sequential hydrolysis and disulfide reduction. 41 (20 mg, 6.55 µmol phosphoester, 
Table 3 Entry 4) was dissolved in CDCl3 (1 mL) and sodium methoxide (o.5M in methanol, 65.5 
µmol) was added. The reaction mixture was analyzed by 1H NMR after 1 h and no reaction with 
disulfide occurred. A small aliquot of samples were analyzed THF GPC (Mn=17.8 kDa, Ð= 1.7) Tri-
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n-butylphosphine (18.6µl, 74.5 µmol) was added and stirred for another hour. The reduced 
polymer was analyzed by THF GPC (Mn=6.8 kDa, Ð=2.0). 
Confirmation of orthogonality 
Copolymer 30 (15 mol% of disulfide, Mn=23.5 kDa, Ð=1.8) (7.1 mg , 9.3 µmol) was dissolved in 
CDCl3(1 mL) and sodium methoxide (0.5 M in methanol, 93.3 µmol) was added. No reduction of 
disulfide was observed. The solvent was removed under vacuum and the polymer was 
redissolved in THF for GPC analysis (Mn=23.0 kDa, Ð=1.8). P5 (Mn=16.6 kDa, Ð=1.6) (6.7 mg, 3.3 
µmol) was treated with tri-n-butylphosphine (8.2 µL, 33.2 µmol) in CDCl3 and phosphoester 
remained intact as confirmed by 1H NMR. The polymer was analyzed by THF GPC (Mn=16.7 kDa, 
Ð=1.6). 
Synthesis of 6-thiodec-1-ene (42).  
 
To a vial equipped with a stir bar, tetra-n-butylammonium bromide (TBABr) (0.108 g, 
0.3355 mmol), cesium carbonate (1.09 g , 3.34 mmol), 1-butanethiol (0.395 mL, 3.69 mmol) and 
DMF (6.7 mL) were added. 5-Bromo-1-pentene was then added (0.397 mL, 3.33 mmol). The 
mixture was stirred for 3 h at room temperature. TLC (10:1 hexanes/diethyl ether) confirmed 
the disappearance of 5-bromo-1-pentene. The mixture was poured into water (30 mL) and 
extracted into ether. The crude product was purified by passage through neutral alumina, 
eluting with hexanes, yielding a colorless liquid (0.262  g, 49%). 1H NMR (300 MHz, CDCl3) 5.84 
(m, 1H), 5.02 (m, 2H), 2.37 (m, 4H), 2.16 (q, 2H) 1.68 (m, 2H), 1.57 (m, 2H), 1.42 (m, 2H) 0.92 (t, 
3H). 13C NMR (100 MHz, CDCl3) δ = 138.0, 115.2, 33.0, 31.9, 31.6, 28.9, 22.2, 13.8 ppm. 
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 Synthesis of 5-thionon-1-ene (43) 
 
To a vial equipped with a stir bar was added tetra-n-butylammonium bromide (TBABr) 
(0.108 g, 0.335 mmol), cesium carbonate (1.09 g , 3.34 mmol), 1-butanethiol (0.395 mL, 3.69 
mmol) and DMF (6.7 mL). 4-Bromo-1-butenee was added (0.338 mL, 3.33 mmol). The mixture 
was stirred for 3 h at room temperature. TLC (10:1 hexanes/diethyl ether) confirmed the 
disappearance of 5-bromo-1-petnene. The reaction mixture was poured into water (30 mL) and 
extracted intoether. The crude product was purified over neutral alumina, eluting with hexanes, 
to afford a colorless liquid. (0.568 g, 75%) 1H NMR (300 MHz, CDCl3) δ =5.80 (m, 1H), 5.00(m, 
2H), 2.53 (m, 4H), 2.18 (q, 2H), 1.59 (m, 2H), 1.40 (m, 2H), 0.92 (t, 3H) 13C NMR (100 MHz, CDCl3) 
δ = 137.1, 115.9, 34.1, 31.94, 31.85, 31.55, 22.2, 13.8. 
Catalyst decomposition studies 
All reactions were set up in a nitrogen-filled glovebox using previously degassed, 
anhydrous DCM-d2. A stock solution (20 mM) of pyridine substituted 3rd generation Grubbs 
catalyst (GIII-py) was prepared by dissolving catalyst (4.36 mg, 0.006 mmol, 1 equiv.) in DCM 
(0.3mL) and used immediately. Substrates including 28 (17.5mg, 0.12 mmol, 20 equiv.), 29 (15.6 
µL, 0.12 mmol, 20 equiv.), 42 (17.3mg, 0.12 mmol, 20 equiv.), 43 (19.0 mg, 0.12 mmol, 20 
equiv.), dibutyl disulfide (21.4 mg, 0.12 mmol, 20 equiv. ) and were added to each NMR tube as 
a solution in DCM-d2 (0.3 mL) The 1H NMR tube was sealed and shaken before 1H NMR 
spectrum was taken at predetermined time point. 
TBD-catalyzed ROP of lactone  
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Polymerizations were carried out at room temperature under nitrogen in a flame-dried 
Schlenk flask. Benzyl alcohol was added to a toluene solution of TBD (0.04 M) and stirred for 30 
minutes prior to introducing monomer at a monomer-to-initiator ratio of 140:1.  The monomer 
concentration was 2 M in toluene, while TBD was 2 mole percent relative to monomer. 
Polymerizations were terminated by precipitation into cold methanol.  Residual catalyst and 
unreacted monomer were removed from the isolated polymer by repeated precipitation into 
cold methanol.  Aliquots of the final crude reaction mixtures were obtained just prior to 
precipitation, and quenched by a 1M benzoic acid solution in CDCl3, followed by determination 
of percent monomer conversion using 1H NMR spectroscopy. 
Example Homopolymer Synthesis: pVL.  To a previously incubated solution of benzyl alcohol 
(5.5 µL, 5.31×10-2 mmol) and TBD (0.04 M in toluene, 3.7 mL, 0.148 mmol), VL (0.69 mL, 7.4 
mmol) was added and the mixture was stirred at room temperature, under nitrogen, for 5 
minutes. The polymerization was then quenched by precipitation into cold methanol and pVL 
was isolated as a colorless oil.  
Synthesis of pAVL.  Synthesis of pAVL was performed following the general procedure for all 
homopolymers, with a reaction time of 40 minutes, before precipitating into methanol.   
Synthesis of pPgVL.  Synthesis of p-PgVL was performed following the general procedure for all 
homopolymers, with a reaction time of 20 minutes, followed by precipitation into methanol.  
Synthesis of p(TMS-PgVL). Synthesis of p(TMS-PgVL) was performed following the general 
procedure for all homopolymers, with a reaction time of 20 minutes, followed by precipitation 
into methanol.  
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Synthesis of pPgCL.  p-PgCL was prepared following the general procedure for all 
homopolymers, with a reaction time of 2 hours and 45 minutes, followed by precipitation into 
methanol.  
Copolymer Synthesis 
Copolymer syntheses were carried out following a procedure similar to that for the 
homopolymers.  All polymerizations were conducted at room temperature under nitrogen, in a 
previously flame-dried 2-neck Schlenk flask sealed with a rubber septum.  Benzyl alcohol was 
added to a TBD solution (0.04 M) in toluene and stirred for 20 minutes, introducing monomer at 
a monomer-to-initiator ratio of 140:1, relative to the first monomer added (in the case of the 
diblock copolymers) or to the total number of moles of monomer (for the random copolymer).  
For the diblock copolymers, the monomer with the fastest rate of homopolymerization was 
added first, and allowed to reach ~80% conversion; then the second monomer was added and 
polymerized to 80% conversion.  For the random copolymer synthesis, the two monomers were 
added simultaneously.  In all cases, the total monomer concentration was 2 M in toluene while 
the amount of TBD used was 2 mole percent relative to the first monomer added (for diblock 
copolymers) or to the total number of moles of monomer (for random copolymers).  
Polymerizations were terminated by precipitation into cold methanol.  Residual catalyst and 
unreacted monomers were removed from the isolated copolymers by repeated precipitation 
into cold methanol.  Aliquots of the final crude reaction mixture were characterized before 
precipitation, as well as before addition of the second monomer, in the case of the diblock 
copolymer, in order to determine percent conversion using 1H-NMR.  Aliquots were quenched 
using a 1M benzoic acid solution in CDCl3.   
Example Diblock copolymer Synthesis p(AVL-b-PgVL) 50 
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To a previously incubated solution of benzyl alcohol (5.27 µL, 5.1×10-2 mmol) and TBD 
(0.04 M in toluene, 3.58 mL, 0.143 mmol), AVL 1 (1.0 g, 7.14 mmol) was added and the reaction 
mixture was stirred at room temperature, under nitrogen, for 40 minutes. An aliquot was taken 
and quenched with a 1M benzoic acid solution in CDCl3.  PgVL 2 was added (0.98 g, 7.1 mmol) 
and the reaction mixture was stirred at room temperature for 20 minutes.  The polymerization 
was then quenched by precipitation into cold methanol and p(AVL-b-PgVL) was isolated as a 
colorless oil. GPC (THF, polystyrene standard) Mn= 1.39 × 104 g/mol, Ð=1.1. 1H-NMR (CDCl3, 300 
MHz): δ (CHCl3=7.26 ppm), 5.70 (m, 1H, CH2=CH), 5.04 (m, 2H, CH2=CH), 4.08 (m, 4H, CH2OC=O), 
2.2-2.6 (br m, 6H, CHC=O + CH2C≡CH + CH2CH=CH2), 2.05 (s, 1H, C≡CH), 1.66 (m, 8H, 
CHCH2CH2CH2O AVL + CHCH2CH2CH2O PgVL). 13C-NMR (CDCl3, 75 MHz): δ (CHCl3=77.16 ppm) 
175.2(C=OAVL), 173.8 (C=OPgVL), 135.2 (CH=CH2AVL), 117.1 (CH=CH2AVL), 80.9 (C≡CHPgVL), 
70.3(C≡CHPgVL), 64.1(CH2OAVL), 64.0 (CH2OPgVL), 44.8 (CHC=OAVL) 44.0 (CHC=OPgVL), 36.5 
(CH2CH=CH2AVL), 28.1 (CH2CH2CH2AVL), 27.4 (CH2CH2CH2PgVL), 26.5 (CHCH2CH2AVL), 26.1 
(CHCH2CH2PgVL), 21.1 (CH2C≡CPgVL).  
Synthesis of p(PgCL-b-AVL) 52  
 
p(AVL-b-PgVL)
50
p(PgCL-b-AVL)
52
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To a stirred solution of TBD (0.04 M in toluene, 3.6 mL, 0.060 mmol) and benzyl alcohol 
(11 µL, 0.106 mmol) was added PgCL 49 (1.13 g, 7.43 mmol), and the mixture was stirred for 1.5 
hours. An aliquot (~50 µL) was taken for GPC and 1H-NMR analyses.  AVL 45 (1.04 g, 7.43 mmol) 
was added and the reaction mixture was stirred for 70 minutes.  The polymerization was 
terminated by adding benzoic acid, and the polymer was isolated by precipitation into cold 
methanol and hexane to afford 1.67 g (93%) of a colorless viscous liquid. The overall monomer 
conversion was 83% and the composition of final polymer was found to be the same as feed 
ratio in accord with conversion determined for each block. GPC (THF, polystyrene standard) Mn= 
1.25 × 104 g/mol, Ð=1.09 . 1H NMR (CDCl3, 300 MHz): δ (CHCl3=7.26 ppm) 5.71 (m, 1H, CH2=CH), 
5.03 (m, 2H, CH2=CH), 4.04 (m, 4H, CH2O), 2.15-2.6 (br m, 6H, CHC=O+CH2C≡CH+CH2CH=CH2), 2.0 
(s, 1H, C≡CH), 1.66 (m, 8H, CHCH2CH2CH2O AVL+CHCH2CH2CH2CH2O PgCL), 1.37 (m, 2H, 
CHCH2CH2CH2CH2O PgCL). 13C-NMR (CDCl3, 75 MHz): δ (CHCl3=77.16 ppm) 175.2(C=OAVL), 174.2 
(C=OPgCL), 135.2 (C=CAVL), 117.1 (C=CAVL), 81.3 (C≡CHPgCL), 70.2(C≡CHPgCL), 64.4(CH2OPgCL), 64.0 
(CH2OAVL), 44.8 (CHC=OAVL) 44.4 (CHC=OPgCL), 36.5 (CH2C=C), 28.4 (CH2CH2OPgCL), 28.0 (CHCH2AVL), 
26.5 (CHCH2CH2AVL), 24.6 (C=OCHCH2PgCL), 23.4 (C=OCHCH2CH2 PgCL), 21.1 (CH2C≡CPgCL). 
Synthesis of p[(TMS-PgVL)-b-PgVL] 51.  p-(TMS-PgVL)-b-PgVL 51 was synthesized following the 
general procedure given above, with TMS-PgVL 47 added first, stirring for 23 minutes, then 
addition of PgVL 46, with continued stirring for 20 minutes. 
Synthesis of p(PgVL-co-VL) 53.  p-PgVL-co-VL 53 was synthesized by simultaneous addition of 
PgVL 46 and VL 44 to an incubated solution of benzyl alcohol and TBD and stirred for 23 
minutes.   
Simultaneous Thiol-ene/yne: p(AVL-b-PgVL) 5 and Dodecanethiol to afford polymer 54 
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To a solution of p(AVL-b-PgVL) 50 (0.50 g, 3.6 mmol alkyne+alkene) in degassed 
dimethylformamide (30 mL) was added dodecanethiol (3.64 g, 18.0 mmol) and AIBN (0.29 g, 
1.80mmol), and the mixture was heated at 80oC for three hours.  The crude reaction mixture 
was transferred to a dialysis membrane (MWCO = 6-8,000) and dialyzed against 
dichloromethane for two days to yield the product as a slightly yellow oil. GPC (THF, polystyrene 
standard) Mn = 22.8 kDa Ð =1.3. 1H-NMR (CDCl3, 300 MHz): δ (CHCl3=7.26 ppm), 4.08 (m, 4H, 
CH2OC=O), 2.48 (t, 2H, dodecanethiol), 2.2-2.6 (br m, 6H, CHC=O + CH2C≡CH + CH2CH=CH2), 1.66 
(m, 10H, CHCH2CH2CH2O AVL + CHCH2CH2CH2O PgVL+ dodecanethiol), 1.25 (m,20H, 
dodecanethiol), 0.874 (t, 3H, dodecanethiol) 
Orthogonal CuAAC and thiol-ene reactions on p(PgCL-b-AVL) to afford polymer 55 
 
CuAAC: p(PgCL-b-AVL) and m-PEG750-N3. Diblock copolyester p(PgCL-b-AVL) 52 (430 mg, 
1.57 mmol alkyne) and m-PEG750-azide (0.889 g, 1.15 mmol) were suspended in a solution of 
water/THF (1:4 v/v, 10 mL). Sodium ascorbate (79 mg, 0.40 mmol) and copper(II) sulfate (50 mg, 
0.20 mmol) were added and the reaction mixture was stirred at 80 °C for 15 h under N2. The 
54
55
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organic solvent was removed under reduced pressure. Excess m-PEG750-N3 was removed by 
dialyzing against DCM for three days (MWCO 10 kDa). To remove trace copper, the crude 
product was suspended in 20 mL deionized water and treated with CuprisorbTM until the 
suspension become light yellow. The product was isolated by lyophilization as a slightly yellow, 
hydroscopic powder (1.11g, 90.6%). GPC (THF, polystyrene standard) Mn= 2.48 × 104 g/mol 
Ð=1.09 1H-NMR (CDCl3, 300 MHz): δ (CHCl3=7.26 ppm) 7.44 (s, 1H, R2C=CH triazole), 5.66 (m, 1H, 
CH2=CH), 4.98 (m, 2H, CH2=CH), 4.43 (m, 2H, R2NCH2), 3.95 (m, 4H, CH2OC=O, lactones), 3.78 (m, 
2H, R2NCH2CH2), 3.58 (br m, 70H, CH2CH2OPEG), 3.32 (s, 3H, CH3PEG), 2.92 (m, 1H, CHC=OPgCL), 2.76 
(m, 2H, CH2C=CPgCL), 2.10-2.45 (m, 3H, CHC=OAVL+CH2C=CH2), 1.56 (m, 8H, CH2CH2CH2OPgCL+ 
CH2CH2OAVL), 1.28 (br m, 2H, CH2CH2CH2OPgCL).  13CNMR (CDCl3, 75MHz) δ (CHCl3=77.16 ppm) 
175.11 (C=O), 144.95 (triazole R2C=CR), 135.11 (C=CH2), 122.70 (R2C=CR triazole), 117.07 
(C=CH2), 71.9 (CH2OPEGCH3) , 70.6 (CH2CH2OPEG), 69.6 (R2NCH2CH2O), 64.2 (CH2OPgCL),  64.0 
(CH2OAVL), 59.0 (CH3PEG), 50.1 (R2NCH2CH2O), 45.4 (CHC=OPgCL), 44.8 (CHC=OAVL), 36.5 (CH2C=C), 
31.5 (CH2CR=CR2 PgCL), 28.5 (CH2CH2COPgCL), 28.0 (CHCH2 AVL), 26.5 (CHCH2CH2 AVL), 23.5 
(C=OCHCH2CH2 PgCL). 
Thiol-ene addition of dodecanthiol to p[(PgCL-g-PEG750)-b-(AVL)]: p[(PgCL-g-PEG750)-b-
(AVL)]  (310 mg, 0.260 mmol alkene), 2,2’-dimethoxy-2-phenylacetonphenone (7.4 mg, 0.029 
mmol), and dodecanethiol (0.14 mL, 0.58 mmol) were added to a vial equipped with a magnetic 
stir bar. DMF (0.58 mL) was added and the vial was sealed with a rubber septum. The reaction 
mixture was degassed via four freeze-pump-thaw cycles and irradiated at 365nm for 8 hr at 
room temperature. The reaction mixture was precipitated into hexane. Upon the removal of 
solvent and drying under vacuum overnight, the modified polymer (300mg, 82%) was isolated as 
a slightly yellow, waxy solid.  GPC (THF, Psty standard) Mn=2.9 × 104 g/mol Ð=1.17. 1H-NMR 
(CDCl3, 300 MHz): δ (CHCl3=7.26 ppm) 7.43 (s, 1H, R2C=CH triazole), 4.45 (m, 2H, R2NCH2), 3.98 
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(m, 4H, CH2OC=O, lactones), 3.81 (m, 2H, R2NCH2CH2), 3.60 (br m, 70H, CH2CH2OPEG), 3.34 (s, 3H, 
CH3PEG), 2.92 (m, 1H, CHC=OPgCL), 2.76 (m, 2H, CH2C=C), 2.44 (br m,, 4H, CH2CH2SCH2(CH2)11CH3), 
2.31 (br m, 1H, CHC=OAVL), 1.4-1.9 (m, 14H, CH2CH2CH2SCH2CH2(CH2)9CH3 + CH2CH2CH2OPC + 
CH2CH2OAVL), 1.28 (br , 20H, CH2CH2CH2OPgCL+ SCH2CH2(CH2)9CH3), 0.80 (br, 3H, 
SCH2CH2(CH2)9CH3). 13CNMR CDCl3, 75MHz) δ (CHCl3=77.16 ppm) 175.2 (C=OAVL), 175.1 (C=OPgCL), 
144.9 (R2C=CR), 122.70 (R2C=CR), 71.9 (CH2OPEGCH3) , 70.6 (CH2CH2OPEG), 69.6 (R2NCH2CH2O), 
64.2 (CH2OPgCL),  64.0 (CH2OAVL), 59.0 (CH3PEG), 50.1 (R2NCH2CH2O), 45.4 (CHC=OPgCL), 44.8 
(CHC=OAVL), 32.2 (CH2SCH2), 32.1 (CH2SCH2), 31.9 (S(CH2)9CH2CH2CH3), 31.5 (CH2CR=CR2 PgCL), 29.6 
(S(CH2)3(CH2)5(CH2)3CH3), 29.6 (CH2(CH2)2S(CH2)11CH3), 29.4 (S(CH2)2CH2(CH2)5CH2(CH2)2CH3), 29.0 
(SCH2CH2(CH2)9CH3), 28.6 (CH2CH2COPgCL), 28.0 (CHCH2 AVL), 27.3 (CH2CH2S(CH2)11CH3), 26.6 
(CHCH2CH2 AVL), 23.5 (C=OCHCH2CH2 PgCL), 22.7 (S(CH2)10CH2CH3), 14.14 (S(CH2)11CH3). 
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